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Page  3C1. 

Chapter  VIII 

STABILITY  OF  MOTION  AND  TEE  ST  A BI L 1 2 AT  ICN  CE  FCCKETS  AND  OF 

fbcjectii.es. 

§1.  Ccmmon/general/total  concepts  cf  stability  cf  motion  and  of  the 
st abilizat ion  of  rockets  ard  cf  p r c jec tiles . 


The  problem  of  statility  of  motion  oC  todies  was  solved  for  the 
first  time  by  noted  Russian  scientists  by  h . Ye.  Joukowski  in  work 
"The  strength  of  motion"  (1682)  and  ty  A.  P.  Lyapunov  in  work 
"ccmmcn/general/to tal  problem  of  statility  cf  tction"  (1392).  At 
present  stability  theory  is  widely  developed  and  improved,  it 
examines  net  only  questions  of  statility  of  motion  of  mechanical 
systems  (aircraft,  rockets,  projectiles),  but  also  questions  of  the 
stability  of  the  systems  of  control,  automatic  control  systems,  etc. 

During  investigation  the  motion  cf  the  rockets  and  projectiles 
usually  is  subdivided  into  disturbed  and  that  net  disturbed.  The 
undisturbed  motion  is  called  similar,  which  they  would  complete  the 
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rocket  or  projectile  in  standaru  atmosphere  or  iu  the  vacuum  under 
the  action  previously  proviued,  that  were  being  subordinated  to  the 
specific  laws,  forces.  Ihe  corresponding  tc  the  undisturbed  motion 
trajectory  is  also  called  net  disturbed  or  calculated  (nominal). 

However,  under  actual  conditions  the  metien  of  rockets  and 
projectiles  occurs  with  the  supplementary,  random  factors  which 
usually  during  the  calculation  cf  rcminal  trajectories  are  not  taken 
into  account  (deviation  cf  temperature  cf  air  from  normal  law,  wind 
and  wind  gusts,  the  pulsation  of  the  engine  thrust,  nonprogrammed 
control  forces,  etc.) . The  actions  cf  these  factors,  called 
disturbing,  lead  to  the  fact  that  the  iccket  and  projectile  will  move 
net  over  nominal  (calculated)  trajectory,  tut  differing  from  it  more 
cr  less  considerably  depending  cr  value  and  direction  of 
disturbance/perturbaticns.  Ihe  motion,  the  reflection  effect  of  the 
perturbation  factors,  calls  the  disturbed  metier,  and  the 
corresponding  to  it  trajectory  - by  the  disturbed  trajectory. 

Page  302. 


With  the  concept  of  the  disturbed  motion  cf  rockets  and 
projectiles,  is  organically-bound  the  concept  cf  the  stability  of 
their  motion. 
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In  accordance  with  classical  stability  theory,  the  motion  of 
solid  body  can  be  named  stalle  in  such  a case,  when  it  possesses 
property  to  return  after  the  break-down  of  the  perturbation  factors 
tc  the  interrupted  by  them  rot  disturbed  mcticn. 

let  us  explain  this  position  with  the  cid  cf  Fig.  8.1.  On  figure 
by  solid  line  is  depicted  the  trajectory,  which  corresponds  to  the 
undisturbed  motion.  Let  on  section  AE  cf  trajectory  on  rocket  act 
some  disturfcance/perturbaticns,  which  will  force  it  to  move  over  the 
disturbed  trajectory  AE*,  which  differs  free  the  nominal.  The  motion 
cf  rocket  will  be  stable,  if  after  the  break-down  of 
disturtance/perturtatiens  at  point  E*  the  disturbed  trajectory  will 
converge  fron  nominal  ar.d  it  will  coincide  ttor  the  latter  at  certain 
point  V. 

But  if  this  does  net  occur  and  rockets  it  will  fly  along  the 
trajectory  B*c*,  then  its  notion  must  be  described  as  unstable.  It  is 
completely  obvious  that  stability  cf  motion  in  the  sense,  which 
corresponds  to  the  given  above  definition,  virtually  it  cannot  have 
provided  not  only  the  ueguided  projectiles  and  the  rockets,  but  also 
cf  rockets  with  the  complex  control  system,  since  no  real  control 
system  due  to  the  which  are  inherent  in  it  errors  not  in  state  to 
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trajectory.  Based  on  this,  i»e  subsequently  kill  understand  under  the 
stable  action  of  rockets  si«ilar,  during  which  the  deviation  of  real 
trajectory  from  the  nominal  under  the  actici  of  short-tera  or 
prolonged  disturbance/perturbations  dees  net  exceed  the 
estafclished/instal led  limits. 


In  Fig.  8.1  zones  of  the  stable  motion  of  the  relatively  nominal 
trajectory  CC  is  isolated  by  dot-dash  lines. 


During  the  study  of  stability  cf  motion  of  rockets  and 
projectiles,  are  usually  examined  separately  stability  of  motion  of 
the  center  of  mass  along  trajectory  and  the  stahility  in  their  rotary 
motion  relative  to  the  center  cf  mass.  Ihe  provision  for  the  latter 
is  the  necessary  stability  condition  cf  the  action  of  the  center  of 
■ass  and  it  is  inseparably  connected  with  tie  concept  of  the  angular 
stabilization  of  rockets  and  projectiles,  ltder  stabilization  is 
understood  the  totality  of  the  measures  which  provide 
preservation/retent ion/s a in taining  by  iccket  or  projectile  in  the 
trajectory  of  correct  position  relative  to  direction  of  motion. 


LCC  = 78107111  PAGE 


Fig.  8.1.  Diagram  to  the  determination  c£  stability  ot  motion  of 
rockets  and  projectiles. 

Page  3C3. 

Other  conditions  being  equal,  the  drag  hill  be  smallest  in  the  case 
when  the  axis  of  projectile  coincides  kith  direction  of  motion. 
However,  in  the  process  of  flight,  the  velocity  vector  of  the  center 
of  mass  v is  turned.  Because  of  this  stable  rocket  or  projectile  they 
must  continuously  change  its  angular  pcsiticc,  being  turned  relative 
to  the  center  of  mass  following  by  vector  v in  the  manner  that  it  is 
shewn  cn  Fig.  8.2. 

If  the  longitudinal  axis  ct  the  housing  of  projectile  or  finless 
rocket  is  deflected  from  direction  cf  metier  at  least  in 
insignificant  angle,  then  the  resulting  aerodynamic  force  F,  which 
acts  cn  rocket  cr  projectile,  will  be  applied  ic  the  center  of 
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p c cssvt € (ts.d.)  which  is  lccated  between  tie  df ex/vertex  of  rocket 
and  its  canter  of  mass  (Fig.  8.3).  This  leaus  tc  appearance  relative 
to  the  center  of  mass  of  the  tilting  ament  S , which  during  the 
■cticn  of  the  nons tabi 1 ize d rocket  alcng  trajectory  will  cause  random 
■cvenant  relative  to  the  center  of  mass  and,  as  a result,  is 
considerable  the  distorticn  ct  trajectory.  Ihus,  the  position  of  the 
housing  of  the  projectile  at  which  tie  axis  of  nasses  aud 
apex/vertex,  can  be  described  as  position  ci  unstable  equilibrium, 
since  the  least  misa  1 i gr,  tx  eii  t of  rocket  trc«  vector  v will  cause  the 
irreversible  increase  in  this  deviation,  fer  preventing  of  this 
phenomenon  and  provisicr  fer  a ccnect  position  la  flight  (by  nose 
section  forward)  the  rocket  and  projectile  «ust  be  stabilized.  In 
connection  with  the  unguidec  reexets  anc  prcjectiles,  are  utilized 
twe  different  of  the  "passive”  method  ct  stabilization  - spin 
stabilization  and  s tab i 1 i za t io n by  tail  assembly. 

Ihe  stabilization  cf  rockets  and  projectiles  by  tail  assembly 
consists  in  the  fact  that  cr  the  tail  secticn  cf  the  oblong  housing 
are  fastened  the  diverse  in  their  s t r uct ur a i/uesi jn  forms  and 
size/dinensiens  stabilizers.  This  leads  to  the  fact  that  during  the 
flow  around  housing  of  airflow  at  argle  of  attack  ok.  the  character  of 
pressure  distribution  alcng  the  length  cf  rccket  will  change,  as  a 
result  of  which  ts.d.  shifts  relative  to  the  center  of  mass  to  the 
side  cf  stabilizers.  During  the  appropriate  selection  of  the 
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size/dimen sicns  of  stabilizers,  it  is  possible  tc  attain  this 
displacement/aovement  of  ts.d.  that  it  with  respect  to  the 
apex/vertex  of  rocket  ci  prcjectile  will  rerder/show  benind  the 
center  c£  aass.  In  this  case  with  af C tbe  resulting  aerodynamic  force 
F will  act  in  the  manner  that  shown  cr  Fig.  8.4  (for  motion  in 
vertical  plane)  . 


toe 
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Fig.  8.2.  Diagram  of  the  cctsecutive  pcsititns  cf  the  fin-stabilized 
projectile  in  trajectory  during  correct  flight. 


Face  3C4. 

It  is  obvious  that  caused  by  force  of  F tc r gue/moment  .17..  will 
attempt  to  decrease  the  ancle  a,  give  heusirg  to  such  position  in 
which  the  axis  0xt  coincides  with  velocity  vector  7,  and 
tergue/moment  itself  .0,  will  become  equal  tc  zero,  i.  e. , it  will 
turn  out  that  unlike  the  preced ing/pre vious  case,  the  stabilizing  (or 
restoring)  effect.  The  (csiticn  cf  housing,  which  is  characterized  by 
the  value  a=0,  relative  tc  which  tergue/mcment  -l7:  stabilizes 
housing,  will  be  the  position  cf  stable  equilibrium. 

If  the  phenomenon  indicated  is  is  examined  only  in  statics,  then 
fer  tor que/moaent  .*7.-  it  is  possible  (with  lew  a)  to  accept 
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dependence  M,**Sqlm)a  (see  Chapter  II,  <j4)  . Based  on  this 
expression,  we  find  the  sign/critericn,  which  shows  the  character  of 
actioa  SI,  on  rocket  or  projectile. 

for  the  tilting  moment  whose  sign  coiccides  with  angle  <t,  we 
h*ve  0;  for  stabilizing  moment  m‘<^ 0.  terivetive  m)  is  connected 

with  lift  coefficient  by  the  relaticnship/ratic 


war1  , 

* » i ’ 


(8.  1) 


where  1 - a overall  length  cf  rocket, 


Ib.m  and  <u.a  - respectively  distance  frcm  the  apex/vertex  of 
rocket  to  the  center  of  masses  and  center  cl  pressure  (see  Fig.  8.3 
and  8. 4) . 

Since  then,  obviously,  the  sign  ct  derivative  coincides 

with  the  sign  of  difference  lan  — Un-  Based  cr.  this,  the  conditions  of 
the  static  stability  of  rccket  and  projectile  can  be  formulated  as 
follows: 

0-  rocket  or  the  projectile  "statically”  Stanley 
Uu~ V»>°  - rocket  or  prcjectile  are  unstable} 

rocket  or  projectile  they  ate  located  in  the  state  of 

neutral  equilibrium. 
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Fig.  8.3.  Pattern  of  the  action  of  aercdynaaic  icient  on  finless 
rccket  (projectile). 

Fig.  8.4.  Pattern  of  action  of  aerodyramic  ncoert  on  fin-stabilized 
rccket  (projectile). 


Fage  305. 


During  the  motion  cf  projectile  along  trajectory,  the  velocity 
of  its  flight  and  orientation  relative  to  velocity  vector 
ccgtinuously  change,  which  leads  to  a change  it  tne  position  of  ts.d 
relative  to  housing.  Fu ether  mere,  cn  powered  flight  trajectory  as  a 
result  of  the  high  fuel  ccnsuraptior  in  the  engine  operation  the 
center  of  mass  of  the  rccket  also  is  displaced  from  its  initial 
position.  These  reasons  can  cause  a considerable  change  in  value 
li.M  — In  a and,  therefore,  in  the  derivative  mj,  that  determines  the 


stability  level  of  rocket,  hased  on  this,  it  follows  that  for 
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providing  the  angular  stabilization  of  rocket  in  flight  it  is 
necessary  that  alopg  an  entire  trajectory  wculd  be  fulfilled 
cctditicn  m*<l)  inequality  j m;  j > ( m) 


In  ether  words,  stabilized  ty  rocket  fin  cr  projectile  Bust 
possess  the  so-called  tactci  of  "static"  stability.  The  factor  of 
"static"  stability  they  usually  characterize  by  expressed  in 
psrcsotagss  value  jmj, j,  which  is  lccated  frea  the  relationship/ratic 

100”o  =|rn  „ — r„  ,1  100%, 

ey  ' 

where  ca  a - a center-ot-pressure  coefficient! 


fo  m - the  coefficient  c£  the  center  of  mass. 


It  is  customary  to  assume  that  the  uncuided  tin-stabilized 
rockets  and  projectiles  are  well  stabilized,  if  they  possess  the 
factor  c t "static"  stability,  equal  to  |^"j==(  10—  15)  %. 


lie  investigate  the  character  ct  the  action  of  the  unguided 
"statically"  stable  projectile  of  its  relatively  center  of  aass, 
assuainq  that  it  is  completed  cnly  ir  range  plane.  For  simplicity  let 
us  examine  the  trajectory  phase,  during  aoticn  along  which  it  is 
possible  tc  consider  corstact  m;,  and  also  fe=ccnst.  In  * Ms  case 
without  the  account  of  daaping,  th«  eguaticr  of  notion  relative  to 
the  center  of  aass  will  be  written  in  the  feta 

~ -f  n*a  =»  0,  (8.3) 
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a = o,  cos  4-  sin  nt. 


(8. 4) 


Page  306. 


By  simple  conversions  this  solution  car  he  given  to  the  more 

convenient  form 


a = aMsin  ik+i), 


where  phase  shift 


*=arctg  . 


t8.5> 


1 8. 6) 


M Sol 

where  »*— \m*\  ~ the  coefficient  which  can  be  designed 

previpusly  along  the  kncwn  trajectory  cf  the  center  of  mass  of  the 
fin-stabilized  projectile. 

Set/assuaing  within  the  limits  of  the  siall  phase  of  trajectory 
n2=ccnst,  for  initial  conditions  when  /«— 0,a  — aB  and  a— <£.  we  will 
attain  the  solution  of  equation  (8.3)  in  the  fern 


Solution  shows  that  with  the  adopted  assumptions  tne  motion 
"statically"  stable  f in-s ta tilized  projectile  relative  to  the  center 
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The  curve/graphs  of  a change  in  the  arcle  a are  in  connection 
Kith  the  obtained  scluticn  represented  in  Fig.  8.5. 

During  the  analysis  of  tne  oscillatory  motion  of  finned 
"statically**  stable  rockets  and  projectiles,  we  did  not  consider 
daiping  moment  X7#,  The  ratuie  of  this  tcrqte/mcBent  was  examined 
earlier  (chapter  II,  §4)  and  let  us  here  note  just  action  leads 

to  the  rapid  attenuation  of  the  oscillatory  action,  caused  by  initial 
disturbances  and  torgue/icment  SL-  The  character  of  a change  in  angle 
cf  a upon  consideration  of  caaping  shews  in  Fic.  8.5  curve/graph, 
carried  out  by  fine/thin  lire. 


1 


Thus,  in  the  dense  layers  of  the  atmosphere  tin-stabilized 
rockets  and  projectiles  move  over  trajectory  sc  that  their 
longitudinal  axis  smoothly  "fellows"  vector  ? until  any 
disturfcance/pertur fcatiens  again  excite  the  cscillations  of  rockets. 

Let  us  examine  attitude  control  by  roteticn.  During  notion  along 
the  trajectory  of  the  projectile,  which  rapidly  rotates  relative  to 
their  longitudinal  axis,  aerodynamic  forces,  creating  torg ue/mcnent, 
atteapt  to  invert  projectile,  but  it,  as  gyroscope,  it  is  not 
inverted,  but  it  moves  stable.  The  lcngitudinal  axis  of  projectile. 
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"following"  the  tangent  tc  trajectory,  oscillates  in  the  process  of 
•cving  the  relatively  dynamic  axis  of  equilibrium.  Artillery 
projectile  obtains  rotaticr  in  bore  during  the  lotion  or  the  driving 
band  of  projectile  along  screw-shaped  threacs.  The  rockets,  which  are 
stabilized  by  rotation,  are  called  tie  spir-staiilized  missiles 
(IBS);  they  rotate  because  ct  the  cutflcw  cl  gas  behind  oblique 
nozzles. 


The  angular  rate  of  rotation  cf  artillery  shell  or  TRS  must  be 
calculated  so  that  during  tie  motion  along  trajectory  its 
longitudinal  axis  contirucusly  "would  fellow"  the  direction  of  the 
notion  of  the  center  of  mass  of  projectile,  differing  from  the  latter 
within  the  limits  cf  the  permissible  angles. 


Face  307. 


The  stabilization  cf  tie  guided  missiles  ard  projectiles  is 
realized  because  of  the  active  control  forces,  capable,  besides  the 
conduct  of  rocket  along  programmed  trajectory  or  the  trajectory  of 
induction,  to  parry  the  complex  system  cf  tte 

disturtance/perturbaticns,  which  act  cn  rocket  in  flight.  For 
producing  of  control  forces,  flight  vehicles  are  supplied  with 
ccntrols  (chapter  11,  §6).  The  guided  missile  can  not  possess  the 
necessary  steady-state  stability  factor,  but  because  of  the  operation 
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cf  the  complex  of  the  control  system  be  well  stabilized  and  execute 
the  predetermined  trajectory  of  motion.  The  composite  examination  of 
the  stability  conditions  cf  the  motion  cf  rccket  and  control  system 
is  the  cb ject/sub ject  of  the  study  of  the  dynamics  of  the  control 
systems  by  unmanned  flight  vehicles  [ 19,  36,  37^. 

Buring  ballistic  calculations  the  study  of  stability  of  motion 
cf  rockets  and  projectiles  is  conducted  in  two  ways. 


First,  it  is  possible  tc  comprise  and  tc  sclve  the  complete 
system  cf  differential  equations,  which  describes  the  flight  of 
flight  vehicle  taking  intc  account  the  action  ct  all  forces, 
including  disturbing,  which  can  cause  the  incorrect  flight  of  flight 
vehicle.  After  its  solution  by  the  obtained  motion  characteristics, 
they  judge  the  stability  of  flight  vehicle  in  flight.  This  path, 
altbo-uch  it  is  thecretica  1 1 y strict  however  not  always  is  utilized  in 
practice  due  to  the  impossibility  tc  have  the  comprehensive  data 
abcut  all  perturbation  factcrs,  for  example,  action  of  wind  gusts, 
eccentricity  of  thrust,  etc. 


In  the  second  place,  an  investigation  ter  stability  of  motion 
can  be  carried  out,  after  comprising  the  differential  equations  of 
the  deviations  of  trajectory  elements  from  the  calculated  and 
performing  analysis  of  these  equations,  without  examining  directly 
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I 
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the  action  of  the  perturbation  factors. 

In  the  theory  of  the  analysis  of  stability  of  flight  vehicles 
aide  distribution  obtained  the  nethed  cf  the  slight  disturbances.  In 
this  the  method  of  the  deviation  of  the  parameters  of  the  disturbed 
notion  fro*  that  net  disturbed  they  ate  accepted  as  so  low  that  in 
the  equations  of  the  disturbed  notion  these  paraoeters  can  be 
represented  in  the  form  of  the  sums,  which  contain  the  deviations  of 
the  parameter  only  to  the  first  decree. 
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Fig.  8.5.  Cuive/graphs  ct  a cnange  ir  the  atgle  of  attack  a (t)  (or 
6(t)):  a)  without  damping;  t)  during  daapicg  ct  angular  notion. 
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Fct  example,  the  velocity,  angle  of  attack  end  fitch  angle  in  +he 

disturbed  motion  can  be  represented  thee: 

•d=t a==a,4-&o;  (8.8) 

where  ^ and  velocity,  angle  ot  attack  and  pitch  angle  in  the 

undisturbed  motion  whose  characteristics  arc  determined  without  the 
account  of  the  action  of  the  perturbation  factors,  and  Av,  A<*  and  Ad 
- deviation  of  these  trajectory  elements,  eftaired  as  a result  of 
acting  the  perturbation  factors. 


thus,  perturbing  forces  themselves  and  tor gue/moments  and  the 
mechanism  ct  their  action  cr  flight  vehicle  are  not  examined.  Is 
studied  only  a change  in  the  deviations  of  icticn  characteristics 
already  after  the  action  of  the  perturbation  factors  on  the 


**tf<*»*W**i •**»*  * 


v 
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assumption  that  these  deviations  ate  lew.  lie  aetnod  of  the  slight 
disturbances  makes  it  possible  the  equations  of  the  disturbed  motion 
cf  rocket  to  reduce  to  the  linear  differential  equations,  solved 
relatively  simply. 

§2-  Linearization  of  the  equations  cf  metier  cf  rockets  and  of 
projectiles. 


The  mathemati cal  sense  cf  line ar izat ic t lies  in  the  fact  that 
the  unknown  deviation  cf  cell/element  is  located  uy  the  way  cf 
expansion  cf  the  c cues  p c rd  i ng  tc  it  function  in  Taylor  series  in 
terms  cf  the  degrees  of  deviation  cf  cell/e leme rt.  Recall  the  formula 
cf  expansion  in  Taylor  series  for  functioning  many  arguments 

/(V.  E* 5»),  since  tc  cf  this  type  tc  functions  are  related  the 

trajectory  elements  of  tcckets.  Duning  the  fcriting  of  the  results  of 
expansion,  we  will  use  the  conventional  designations  of  total 
differentials  of  the  function  cf  many  variables 

^==(^.rfp1  + ±rf|f  + ...  + ^ y. 

The  formula  of  expansion  takes  the  fcr» 


* S 

1 
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/{i»«  U» • • • . U^/Uw+Hi.  t*«  +*?«•  ■ • •U*+®U“ 

t,*'+Tr(^T*s,+5Sr“E*+  ••■+  5T7 **•)  x 

x 

X /Ui*.  £»«•••••  £»*)■+—  {liCm  ^*)  * 

X/(1i*.  (m U.)+#.  (8.9) 

nb«re  &.  - calculated  (ncainal)  values  of  the  deteraining 
{.a  raaeters. 

The  deviation  of  function  fit i.  it.  -.  g«).  caused  by  the 
deviations  of  the  paraneters  ftca  ccaputed  values  A&.  AEa,. . will 


be  equal 


®/Ui.  U==/(&x*  +H|,  J**+®t*-f.*  • +!##+*{«)— 

— {*•>•••  •■{«*)•  (8.  10) 
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the  first  tera  of  expansion  (6.S)  and  the  second  (8.10)  are 
equal#  have  different  siqns  and  will  te  sheltered;  therefore 
cceao«/general/totdl  formula  for  the  deviation  cf  function 
f(ii,  ia — , U)  can  be  obtained  in  the  following  fora: 


*/(<* 

x '«“•  * *+•£*+•••-!-£  Kjx 

x/|i“'  *• t",l+  Tr(5u  SSl+*t,i’+‘"+ «u  *s")’x 

X/|Ui*.  $**.•••.  l8. 11) 


the  number  of  terms  of  expansion,  held  in  calculations,  depends 
cn  the  required  accuracy  cf  the  de te r b i ra t icn  cf  deviation.  Host 
frequently  during  the  scluticn  cf  the  practical  problems  of  external 
tallistics,  held  only  linear  terms  cf  expacsicr.  In  this  case  formula 
(8. 11)  will  take  the  fera 

+(f)>+-+i^)>  '8,2) 


let  us  find  expression  for  the  deviation  cf  the  derivative  of 
feem  "415/dtJ.  Since 

that  we  will  obtain 


'(%)=^+dV-(«).=iK  <8I3) 


Ihus,  if  we  have  a system  cf  differential  equations  of  the 
disturbed  moticn,  comprised  of  n cf  the  eqcaticns  of  the  form 


I*.  «..•••); 


(8. 14) 
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then  on  the  basis  (8.12)  anc  (8.13)  it  easily  is  reduced  to  system  of 
equations  in  the  deviations 
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(8>15; 


If  the  undisturbed  motion  is  known,  i.e.,  cell/elements  El^(t); 
?2jt(t);  (t)  and  others  are  assigned,  then  they  wiil  he  also  known 


in  the  function  of  time  and  the  partial  derivatives  of  fori 


m- 


which  stand  in  system  (8.15)  during  deviations  by  of  cell/eleaents. 
In  this  case  system  (8.15)  will  represent  bj  itself  the  system  of 
linear  differential  equations,  since  tie  new  variables  enter  ir. 
equations  only  to  the  first  degree  and  their  cross  products  of  the 
type  6tj6e2  they  are  absent,  while  the  initial  equations  of 
undisturbed  and  disturbed  motions  (8.14)  linear  they  are  not. 


tec  = 78107111 


EJGE 

Utilizing  a method  presented,  let  us  ccn  -ct  the  linearization 
of  the  system  of  the  differential  equations,  which  describe  the 
simple  case  of  the  axial  metion  of  the  unguided  fin-stabilized 
missile.  Let  us  take  the  knewn  to  us  systex  of  differential  equations 
(3.51).  Considering  that  thrust  it  is  directed  along  the  axis  of 
rocket  (i.  e.  after  placing  angle  € = C)  and  after  accepting  7fpi« Kpi^O, 
after  conversions  from  (3.51)  and  (3.52)  we  will  obtain 


m P cos  a — X— Q sin  0; 

dt 

mv~=Psin  a-f  h'  — Qcos8; 

/ rf2»  \A 

J , — — M.. 

* dt  2 * 


(8.  16) 


During  linearization  we  will  net  ccnsicer  efrect  on  the 
disturbed  motion  characteristics  cf  a change  in  the  mass  6a  and  in 
the  moment  of  inertia  6/«,  let  os  consider  flat  the  mass  and  the 
moment  of  inertia  for  the  undisturbed  and  disturbed  motions  change  on 
time  egual  ly:  m(t)=m,(t)  o,xL  /,(#)  — 

Furthermore,  let  us  disregard  the  effect  cf  the  deviation  of 
height/altitude  of  aerccyraxic  cha r acte ris t ics  and  thrust.  For  low 
values  6y,  this  effect  is  uressential,  since  functions  H(y),  P(y), 
»(y)  and  a (y) , through  which  it  it  is  exhibited,  change  slowly. 
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During  the  adopted  simplifications  in  the  deviation  of 
aerodynamic  forces  and  tcrcue/acment,  they  kill  depend  only  on  two 
values  - deviation  of  the  flight  speed  6v  ard  cf  the  deviation  of 
angle  of  attack.  6a.  It  we  designate 

Xm  = f,  (f*.  o,1  X—  fl[v,a)\ 

«•>  and  y=*ft(v,  o); 

= /,(*.  a), 


that,  expanding  last/latter  dependences  in  e series  on  formula  (8.9), 
we  will  obtain  takiny  irtc  account  only  linear  terms: 


o.V 

do 


So; 


(8.  17) 


Nark  * shows  that  the  datum  is  related  to  unperturbed  mot  ion  at 
the  toryue/aooent,  which  corresponds  tc  the  beginning  of 
disturtance/per tur fcaticn.  let  us  introduce  tte  abbreviated  recording 
cf  the  partial  derivatives 


and  let  us  rewrite  formulas  (8.17)  in  this  icrir 


lX-~X*bv+Xla;  »'~r&*4-r»e;  »Af,- Ml  to  4- >»*,»<«. 


let  as  similarly  find  deviations  fcr  tie  terms,  which  contain 
thrust  P: 


8(Psin  a)=Pcosa, 8a;  8(Pcosa)  = — Psin  a, 8a. 


Counting  the  weight  of  rocket  C CD  the  section  of 
distur tance/pertur fcatic n with  constant,  we  sill  obtain 


8(Q  sin  8)=Q  cos  8* 88;  8(Q  cos  8)=  — Q sin  8,88. 


laking  into  account  the  obtained  expressiccs  for  the  deviations 
of  forces  and  torgue/mooents,  it  is  fcssible  tc  write: 


nj(^— ^)=8(Pc°sa)-8A'-8(Qsin  8); 
m 8(Psin  a)  + 8b'— 8(Qcos8); 

t)  = 8AfJ. 


fdi*  _ 

_ «s.y 

W<2  ” 

dfl  ) 

Face  312. 


Eearing  in  mind  that 


dt  Jt  dt 


v*l-v±  **1=V.-L  se-L  88»t>,  — 88 

dt  * dt  * dt  ' dt  dt  dt 


(without  the  account  of  the  aethers  of  the  second  order  of 
saallness)  , 


* * 
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&/<* 


*?L_.£?5a.  = and  M = W-Aa, 

dt 2 rf/2  dt- 


and  also  accepting  in  view  c£  the  saallness  cf  angle  a*,  that  sin»tji 
and  cosa^s  1,  we  will  cttair.  the  fcllcwing  system  of  the  linearized 
equaticns: 


m — = - Xv  8x> - (Pa,  + X*  - Q cos  0, ) 8a  - £?  cos  8,6b; 

dt 

mv,  (^--^ij=r8x»X(P+r-Qsin  6*)8a4-Q  sin  8,8b; 


(8.  18) 


jt*^L  - *>+,w;8a. 


This  system  consists  ct  linear  hcucgerecu*  differential 
equaticns  with  the  coef i icients,  which  are  the  known  functions  of 
tine. 


let  us  now  conduct  the  linear izat icn  ci  the  more  complex  system 
cf  the  differential  equaticrs,  which  dcscrite  the  spatial  notion  of 
the  rccket  of  class  "surface  - surface",  ccrtrclled  in  flight  by 
aerodynamic  controls.  Let  us  take  system  (2.1%)  and  let  us  lead  it  to 
the  fern,  lore  conveniert  fee  linearization.  Let  us  assume  that  the 
rocket  is  axisymmetric  and  thrust  is  directed  alcng  longitudinal  axis 
Cx(;  fsr  an  axisymmetric  rccket  it  is  pcssitlc  tc  also  take 
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P coi  a cos  3 X + Xt 


— 

1 

— r sm  — = ; 

m 

m 

P sin  a , 

y + y\ 

g cos  8 , 

>'. . 

mv 

mv 

V 

mv 

Pcosa  sin  i 

Z + Zy 

mv  cos  8 

mv  cos  6 

r . * 

mv  cos  (J 

= v cos  0 cos  T 

; 1/3= sin  0; 

i3=  — d cos  0 sin  1; 

Ml>,  + ft*w. 

r, 

, My,  . 

1 — J 

J 

J » 

Pi 

Pi 

Pi 

ft*,,  + Mt ,, 

, , 

ft*,..  . 

■*>x,<0ifi  T 

•'j  = ivu 


COS* 


; “r,  = <*>,,  tg  ft; 


sin  0 = cos  a cos  ? sin  ft  — sin  a cos?  cos  0; 
sin  V cos  0— cos  a cos?  sin  <!>cosft-f 
-f  sin  a cos  p sin  >|i  sin  ft  — sin  ? cos 


(8.  19l 


During  linear  izaticn,  as  before  let  us  accept  a (t)  = m#.(t)  , 

Jyn(t\  •/», we  will  net  consider  effect  6y  on  a change 
in  the  aerodynamic  forces  aid  thrust,  let  ts  introduce  the 
abbreviated  recording  ci  derivatives  and  will  crcp/omit  for 
sivplicity  cf  writing  nark  cf  the  coefficients  during  deviations. 
Curing  the  writing  cf  members,  who  contain  tie  characteristics  of 
aerodynamic  control  forces  end  tor cue/ucaerts,  we  will  use 
dependences  (2.133),  (2.134),  (*.135)  and  tie  abbreviated  form  of  the 
reccrding  of  derivatives,  tie  angles  cf  deflection  cf  controls  let  us 
designate  *A*x,,  Aft,,  and  a*,,- 


The  linearization  of  the  written  syste*  cf  equations  is 


jvy;>  '-^i j,  (isrs>. 
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conducted  cn  commo  n/gener  a 1/ 1 o tal  fcnula  |t.15). 
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taking  into  account  the  large  voluire  c£  the  systematic  recording  of 
the  process  cl  linearizat ic r,  let  if  give  here  without 
cc ncluf ion/der ivat ion  the  result  of  the  linearizations  of  system 
(8.19),  obtained  by  Yu.  F.  Kcl'tscv  [16]: 


A ^,_^L±J^_gcosW_^ «o- 


P cos  a sin  p 


— M=  — (y  + Yl- 

it  nv  \ r 


jf*1'  .. 

— a*,,+—  ; 

HI  HI 

P sin  a + Y + Yt  — mg  coi 


= 77210049 


pai;f  >? 


— «r = — !—(r +r,  +Pcota*n>-z-z')Lv+ 

it  mv  co»  8 \ F ti  / 

-1..ncW-‘Pslng,in?  8g  j_Pco»°co»?-zl|  8,_ 

^ mv  cos  8 mv  cos  8 


• — 8x,  = cos  8 cos  *P&v  — usin  6 cos.fSfl  — t>cos  8 sin 

it  3 * 

— ty3  — sin  08ti  -j-  v cos  886; 


— 8c,=— cos  8 sin  'T8i>-t-«  sin  6 sin  *P88— v cos  6 cos  TStt'i 
it  6 


dt  Jy<  ■'</.  Jy, 


- 1 S ^^+7^  a*„  + 

*.  ■'</.  ■'*1 

— J i u>  jU“». 


Af  X'+(J  — J i ui  M *' 

-f-  -^V1"  - *’  ^,  + 4— H,+ 

*«  * Vi  * vt  J yt 

i . A1F  +K«  , jw'*' 

V'  fr,  + 7£i-8c+^A»„- 

«*  *1 


J y< 

J .. 


~t 


- 7,  ..  ai:z> 

: — 1 *•».*“».  +-7-1-  *•<,  +■ 


at 

~ *4»“  <|»  tg  86ft  -j L-  «»„, ; 

it  cos  % 


8«x  ,=— ^8»+tg  »«•„,; 

cos  888 = (cos  a cos  ? cos  8 -f  sin  « cos  P sin  ©)  8»  — 

— (sin  a cos  ? sin  8 -(-cosacos  ?cos  8)  8a  — 

— (cos  a sin  ?sin  8 — sin  a sin  ?cos  8)8?; 

cos  V cos  MV — sin  V sin  M— — (cos  a cos  ? sin  4 sin  8 — 

— sin  a cos  ? sin  icos  8)88  — (sin  a cos  ? sin  f cos  8 — 

— cos«cos?sin  *sin  8)8a  — (cososin  psin  <jicos8-t- 

— sin  osin  ?sin  *sin  8 -f- cos  ? cos  ij«)  8?  4- 

-t-icos  a cos  ? cos  -i  cos  8 1 sin  a cos  ? cos  f sin  8 4. 

4- sin  ?sin  *)8i. 
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Ihe  analysis  of  the  system  of  the  linecrimed  equations,  carried 
out  by  Yu-  F.  Kol'tsov,  shewed  that  system  (8.2C)  can  be  considerably 
simplified.  Simplifications  these  are  based  cn  what  for  the  rockets 
cf  the  class  in  question  in  the  undisturbed  motion  lateral  kinematic 
cell/elements  *?«,<!»*, «*,*•  deflecticy  **,•  of  rudders,  governing 
yawing  motion,  the  value  cf  the  ancles  cf  attack  o^and  of  angular 
velocity  •*,*,  and  time  derivatives  cf  the  cell/elements  of  the 
lcqgitudinal  and  yawing  action  cf  iccket  i,,  ci,,  8,,.  are  also  so 

low  that  it  is  possible  tc  disregard  the  picducts  of  these 
cell/elements  and  other  low  values.  Sc,  in  equation  ~ N*.  it  is 
possible  for  this  reason  tc  disregard  terns  VtgMfi  and  - *!n a ^ 8a. 
in  egmation  ~**3  - by  term  v cos 8 sin  VV9,  ir  equation  ^*-3  ” by 

terms  cos  8 sin  ¥80  and  v sin  8 sin  V88,  in  equation  — 8*0,,.  - by  terms 

Si + M*l/'  at;,  J,<  ~ 1 m.  and  so  forth,  furthermore,  during 

Jy, 

simplifications  on  the  basis  of  smallness  v*  was  conducted 

the  replacement  of  trigonometric  functions  from  these  angles  by  their 
approximate  values,  i.e.. 


9IU  on* 

cosja,  ■=  cos  P,  « cos 


sin  a,  — a,  =>=  a;  sin  p, = p,  *=  p, 
cosJo,-=cosP*«cos^*— cosf,— 1 and  sc  forth. 
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Curing  simplif ication  in  the  cecmctric  relationship/ratios 
between  the  deviations  of  angles  Q and  9,  ¥ and  $ it  was  also 

accepted  that  ccs0*cos8 . 
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As  a result  of  the  analysis  indicated  which  we  here  do  net  bring  in 
detail*  in  the  equations  cf  system  (6.2C)  can  he  reject/thrown  a 
series  cf  the  terms  the  ctdet  cf  ssallness  cf  which  higher  than 
first*  after  which  system  will  take  the  follcwiig  simplified  form: 


AtJa 


■ 9v - g cos  999 - ta- 
rn m 


r**i  y 

— s-  + 


(8.21) 


j.  jpEfigm 


I 
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-t  w = 

it 


— lx3 
dt  3 


T,w" 


Kr+  Y 


mv 

Y ’ Y 

mv  mv 


8a  + 


= cos  08z>  — z>  sin  058;  — 8i/3  = sin  68z>  ~ v cos  858; 


M*  +MZ.  M‘  Mil'  M/' 

/,  2,  2,  Zj 


A 88  = 

dt 


Jt-W: 


A1‘  . , M*!'  Al,  , 

-7f8a  + -77^.+-TT; 

*1  2| 

= 801^;  5a==88  — 88; 

P-Zf 


dt 

_£L 

dt 


83- 


Zly, 


± 8c 


mv  cos  8 mv  cos  8 

,—  —vcos  88®"; 


+ 


mv  cos  6 


— 8» 
<« 


Vi  ‘ 


M9  AT*1  M“Xt  A!*'*’ 

-f-  »?  + 7^  A8„  + A®*,  + xi~H,+ 


^8?+^-A8„+^-*; 

»l  #1 

H.t  8fi=*cos  ••f—cosWP. 


it 


1 


cos  $ 


Ihe  common/general/total  system  of  the  nonlinear  differential 


t : 


equations  of  notion  of  the  class  of  rockets  in  question  as  a result 
of  its  linearization  and  si «pl i f ic aticqs  decomposes  into  tuo 
independent  systems  of  lirear  differential  equations  of  motion  in 
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deviations,  moreover  ore  c£  these  systems  (t.2  1)  describes  the 
lcqgitudinal  disturbed  action  cf  rccket,  which  cccurs  in  plane 
0*3y3>  and  another  (8.21)  - the  lateral  disturbed  notion  in  inclined 

(lane  0xz3 . 


It  is  obvious  that  tve  independent  systems  ct  linear  equations 
can  be  solved  considerably  simpler  thar  sircle  reference  system  from 
nctliaear  differential  equations  and  cecmetiic  relationship/ratios, 
especially  it  will  be  used  the  mathematical  calculating  and  analog 
computers.  However,  it  is  clear  that  simplicity  cf  solution  is 
reached  to  the  detriment  its  accuracy. 

Page  317. 

Consequently,  during  the  use  of  a sethed  of  equations  of  motion  at 
basis  cf  which  lie/rests  the  ccnditicn  cf  sufficient  smallness  of 
disturfcance/perturbaticns.  it  is  necessary  tc  knew,  which  the 
accuracy  of  those  obtained  by  the  calculaticn  cf  results,  or, 
otherwise,  by  which  limits  must  be  limited  the 

distuctance/pertur tatic ns  being  investigates  sc  that  the  errors  for 
calculation  according  tc  by  equations  in  deviations  would  not  exceed 
permissible.  The  ccmprehecsive  answer/respeese  tc  this  question  can 
be  obtained  by  the  comparison  cf  results  the  approximate  and  exact 
solutions,  however,  taking  into  account  the  already  noted  labor 
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expense  the  latter,  this  aethod  of  evaluating  the  accuracy  it  does 
not  have  extensive  application. 


Therefore  are  frequently  utili2ed  less  strict,  but  simpler 
indirect,  or  those  approximate d,  the  methods  cf  estimation  of  error. 
One  Of  thea  is  the  evaluation  cf  sub  F cf  terms  of  expansion, 
rejected  during  the  linearization  cf  initial  equations,  with  the  aid 
cf  which  it  is  possible  tc  tentatively  estallish/install  the 
permissible  region  cf  d istu rtance/per turbat  ions  even  prior  to 
accomplishing  of  calculations. 


Let  us  find,  for  example,  which  error  we  allow/assume  during  the 

# 

linearization  of  the  equation  9 cf  system  C t . IS)  in  it  component 
Y/ mv.  let  us  preserve  in  the  ccmmcr/general/total  formula  of 
expansion  (8.9)  only  linear  terms,  after  designating  through  F 
permanent.  Then 


-/Hi*.  U «..)-( jp)  *»- 


(8. 23) 


Assuming  that  Y changes  only  kecause  cl  a change  in  velocity  and 
angle  cf  attack,  ve  will  cltain 

mv  mv,  \ mv/,  \ mv  /, 

Soel 

— „ {{«»*+  - !<*•»© + } . 


toe 
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Hence 


lv  &g 
v,  a. 
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fig.  8.6.  Range  of  the  alleged  values  cf  tie  ratios  da/a^and  6v/v; 
which  corresponds  to  relative  error  *-0,03 


Page  318. 


Consequently,  during  linearizat  ic n we  cllcw/assurae  relative 
errer  equal  to 


**•  a. 

Eeing  assigned  by  the  values  cf  permissible  error  e.  it  is 
possible  to  construct  on  dependence  (6./4)  tie  curve/graphs  which 
will  restrict  the  range  cf  the  allowed  values  cf  deviations  6v  and 
6a.  This  range  for  e = 0,03  is  giver  tc  fig.  _ e.b  and  it  shows  that 
the  allowed  values  fia/a^are  great  with  low  tv/v^and  decrease  with 
increase 


After  conducting  this  type  o£  analysis  and  tor  other  terms  of 
initial  equations,  it  is  possible  tc  estat  1 ish/install  the 
generalized  limiting  values  cf  the  dis t ur b ar ce/ f erturbat ions  within 
which  the  accuracy  cf  calculation  according  tc  the  linearized 
equations  will  be  satisfactory. 
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§3.  Methods  of  the  solution  of  also  cf  the  study  of  the  linearized 
equations  of  the  disturted  notion  cf  rockets  arc  of  projectiles. 


1 


j The  systems  of  equations  cf  tie  longitudinal  (8.21)  and  lateral 

.! 

(8.22)  disturbed  motion  of  rockets  for  their  arelysis  and  solutions 
it  is  accepted  to  record/write  in  a sitpler  fern,  introducing  the 

\ 

abbreviations  of  those  stanc  during  the  deviations  of  the 

li 

pi  coefficients  which  are  called  dynanic.  The  dynamic  coefficients, 

entering  the  equations  cf  axial  motion,  let  us  designate  those 

entering  the  equations  cf  yawing  metier  - bijt  utilizing  in  this  case 
not  the  digital  indices,  hut  literal,  since  they  are  more 
demonstrative.  The  first  index  (i)  designates  the  equation  which 
includes  the  coefficient:  the  second  (j)  - the  deviation,  during 
which  it  stands.  Thus,  for  instance,  coefficient  is  related  to 

the  system  of  equations  cl  axial  iretien  and  stands  in  equation  for 
the  calculation  of  the  deviation  of  the  velocity  of  the  motion  cf  the 
racket  6v  during  the  deviation  cf  the  flight  path  angle  6a.  For  the 

terms,  which  reflect  in  equations  the  perturhaticn  factors,  let  us 

accept  designations  — = /,(*);  (0  anc  sc  forth.  With  the  even 

Iff  "l,  1 

cutter  of  this,  the  examine/considcred  ty  us  systems  of  equations 
accept  following  form. 


i 

.i 

I 

1 

i 
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-=-*v  = a„l v -f  4-  a„8a  + a„  a*,,  + /.  (t ); 

at  1 

— W = a -f-  a§ eW  -f* £§•&<*  ~f~  A''*,  4"  /i  (/ )• 

dt  * 

8^3 = a„8'P+  a,s88;  -i-  8 y3  = a„8i;  -f  a„,88; 
a/  ar 

K — «-„•*«  -f  a.„.8a  + a „„  A»,,  + -f 

^ f ~i\  V)» 

— 8tt  = 6ui.  ; '8a  = 8»  — 86. 
dt 


(8.25) 


(8.  2r> t 
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TFe  enterinq  these  equations  dynanic  ccef f icients  are 
respectively  equal  to 


.V*’+  X'„ 


a,r= 

m 

<**•'»  — 

= — C cos  8; 

Pa  + A * _ 

1 

1 

* 

-o  •» 

dV9t  » 

m 

Mf.,  .j  - 

m / 

>'*'  + r;; 

jsm  ». 

a t 

mv 

U i,  ■ 

* 

V 

a - p + y’  . 

«0a  t 

mv 

~~  t 

mv 

axv= cos  6; 

d.lb 

— — x>sin  8; 

a„p  = sin  8; 

ay. 

= v cos  8; 

, ^,  + ^,  . 

n — 

Ml 

1L  • n . 

**  m j j a 

- J • 

M?< 

Ji  • 


a =-  1 • 

j • 


M,  M"' 

i;  -7f;  a-.i<,i=-fJ-  ■ 

*»  *i 


(8.  26) 


a, 
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2.  Equations  of  lateral  disturfccd  «otitr 

aw  = b9f&  -f-  b^tl  a*,,  4-  A(*fc 

~lzs=bt*W\ 

~ K,*6-,*1?  +».tr,,K,  + ».ir*,H1 ' 

+ i A*(li  +/«.1,,(/); 

— *•>=<>>  ^K.5  K,  = tg 
==  cos  6^ — cos  W<F. 


Faqe  320. 


Dynamic  coefficients  in  these  equation*  have  the  values 


P-z* 
®v>~ — 

mv  cos  6 

bt  »•  = — v cos  S; 


- — - ; 

mv  cos  9 


Alt 

All"' 

_ to  _ 

At  •*' 

v*  . 

b,  i 

. PV l . 

h — »< 

A ’ 

A ’ 

aO’ 

Mt 

M8*' 

h . 

A ’ 

bmy  If 

. 

'*«  * 

Subsequently  tc  avcid  repetiticrs  whole  presentation  let  us 
conduct  in  connection  with  the  system  cf  equations  of  axial  motion, 
since  the  methods  of  its  solution  and  analysis  as  the  results  cf  this 
analysis,  in  essence  tie  saae  at  fcr  the  system,  which  describes  the 


From  the  examination  cf  systee  cf  equations  (8.25)  it  follows 
that  in  it  the  together  solved  equations  art  the  dynamic  and 
geometric  equations,  i.t., 

“ 4-  e„kt +/•  (Oi 

— A^,  +/»(<); 

— 8w,1  = a„rf€,8t>-|-a«>1i*8a-f-a«2l*11A8*1-|-aMtl.,1,8»,1-f- 

+ ®a  +a,.rfjzjA81i  -f  (/); 

— Ks  8a=M  — 8fl. 


Ihe  supplementary  dependence,  necessary  fcr  the  calculation  of 
value  6a,  entering  the  equation  for  determiraticn  too,,,  is  obtained  by 
differentiation  with  respect  to  the  time  of  gecietric 
relaticnship/ratio  6a=69-66. 
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Ibe  kinematic  rela t ic nship/ra tics 

— lx3  = a,,**!  a,**# 

dt 

and 

8 y3  = ayvlv  4-  ay\ 88 

with  the  made  by  us  assumptions  in  the  course  cf  the  solution  of 
system  of  equations  (8.29)  are  not  utilized;  they  are  integrated 
after  the  solution  of  this  system. 

The  initial  space  of  the  solution  cf  system  of  equations  (8.29) 
is  the  determination  of  entering  ir  them  dyramic  coefficients  a,,. 
Above  has  already  been  nctec  that  ter  this  preliminarily  must  be 
designed  the  cell/elene rt s ct  the  undisturbed  motion  of  rocket  (t)  , 
y*(t).  «*(t).  8„.  (0  etc.  Knowing  these  cell/elemen ts  as 

functions  from  the  flight  time  cf  rocket,  arc  also  its  weight  m (t) 
and  inertial  characteristics  J,, (/), Jtx \t)  and  ./,,(/),  on  dependences 
(8.2b)  it  is  possible  to  calculate  the  unkqcwn  dynamic  coefficients 
cf  rocket,  moreover  they  will  he  obtained  as  discrete  functions  one 
tine  alone  - argument  of  the  linearized  equations  of  motion  (8.29). 
Giving  overall  qualitative  evaluation  to  dyiamic  coefficients,  it  is 
necessary  to  note  that  many  of  them  strongly  change  along  the 
trajectory  of  the  motion  cf  rocket.  As  an  example  Fig.  8.7  gives  the 
curve/craphs  of  a change  ir  four  dynamic  coefficients 
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for  the  { rc  j«-c  tile  "oerlikor"  during  its  flight  in 

trajectory  (36]. 

* 

- - - fee*  cmve/gtapht  it  is  evident  that 

dyaanic  coefficients  au  and  change  lor  flight  tine  7-8  tines, 

•--y  - appeoxiaa tel y 12  tines,  but  coefficient  - is  more  than 

SO  tinns. 


j 
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Pig.  8.7.  Character  of  a change  in  sc»«  dyreaic  coefficients  of  the 
rccket  daring  its  acticr  along  trajectory. 


Key:  (1).  1/s*.  (2).  1/s. 


Page  322. 

Taking  into  account  the  afcove,  and  alsc  that  that  deviations 
A®*,  (0.  A**,(*>  and  sc  forth  ate  the  assjgned  functions  of  tiae, 

the  eaaaine/considered  by  us  systee  cf  equaticrs  18.29)  can  be 
described  as  systen  of  linear  ncnhc acgeneous  egaations  with  variable 
coefficients,  the  dependence  cn  tiae  a0U)  having  the  aost  diverse, 
that  net  y ieldiny  tc  siaple  vatbeaatical  description,  fora. 


It  is  known  that  in  tfe  general  case  ct  this  type  of  systen  of 
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equations  they  cannot  be  solved  analytically.  The  integration  of 
system  (8.24)  can  be  realized  by  numerical  nethcds  with  the  use  of 
digital  computers  and  tie  methods  of  electrcnic  simulation  with  the 
aid  of  the  analog  continuous  computers.  Sirce  the  method  of 
sixulation  for  the  solution  of  problems  regarding  the  dynamic 
prcperties  of  rockets  and  projectiles,  stability  of  their  motion  and 
stability  of  the  work  cl  the  ccntrcl  system  finds  at  present  the 
widest  application,  let  us  give  the  pattern  ct  the  solution  cf  system 
(8.29).  in  the  simulating  electrcnic  ccnputei,  comprised  by  Yu.  F. 
Kcl'tscv  for  case  [Id].  Fatten  is  comprised  taking  into 

account  the  designations,  described  in  Section  3.1  chapters  VI,  on 
it  tor  clarity,  ace  shewn  real  physical  quantities  - cell/elements  of 
the  disturbed  motion  of  rocket  (Fig.  6.6).  In  working  pattern  must 
figure  as  the  propcrticral  tc  them  vcl tage/s t resses  for  which  the 
scale  during  the  t r ans 1 at ic r/ccnver s icn  of  initial  eguations  into 
machine  is  accepted  similar  so  that  during  entire  process  cf  the 
scluticn  of  problem  in  any  cf  the  blocks  vcl tace/stress  would  not 
exceed  permissible  ( 3,  chapter  VI).  Therefore  with  the  reading  of 
blcck  diagram,  it  is  necessary  tc  remember  that  under  designations 
(for  example,  and  sc  ferth)  hice  themselves  not  same 

these  values,  but  propcrticnal  to  them  voltages. 


Furthermore,  for  a larger  graphic  clarity  pattern  is  shewn  on 
figure  in  cpen-circuite d form,  i.e.,  are  net  carried  out  the  lines. 


* 
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bit. 


which  connect  the  output  points  of  circuits  with  intake  points. 
Instead  of  this  of  the  point  of  input/irtrccuctioa  and  output  of  the 
values,  utilized  during  the  solution  of  equations,  are  numbered.  With 
the  reading  of  circuit,  it  is  recessary  to  tear  in  raind,  that  exit 
points  and  input/introducticn  of  values,  which  have  identical 
numbers,  in  working  pattern  are  corrected  with  each  other,  and  the 
electrical  circuits  between  the®  ate  lccked.  Ihus,  for  instance,  in 
the  circuit  of  the  solution  ct  equation  d/dt6v  for  the  formation  of 


point  of 


the  derived  at  the  entry  ct  integrating  blcck 
input/introduction  are  supplied  the  following  significance  of  a 
deviation: 


into  point  1 - deviation  6v  fren  output  1J 

to  point  4 - deviation  be  troa  output 

to  point  10  - deviaticr  6a  fic«  output  10. 

Face  323. 

Jn  turn,  values  6v(-6v)  from  outputs  2 f 1 > are  supplied  in  the 
circuit  of  the  integration  of  ether  equations  c£  the  system  in 
guesticn,  etc.  In  other  respects  diagtaw  accurately  reflects  the 
course  of  solution  of  problem. 
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During  training/preparaticn  fcr  sciukicn  cn  the  basis  of  the 
previously  known  undisturbed  mctior  cf  rocket  alcut  which  it  is 
necessary  to  examine  the  urktcwn  disturbed  acticn,  they  are  designed 
are  scaled  and  are  solderred  cn  the  hlccks  cf  the  variable 
coefficients  of  the  functions,  which  approximate  the  curve/graphs  of 
the  dycanic  coefficients  cf  egiaticns  au(/);  furthermore,  are 
calculated  and  with  the  aid  cf  the  blccks  cl  ccnstant  coefficients 
are  intioduced  into  diagram  the  corstant  scele  factors,  rot  example, 
ccetficients  tv.  n..  tv.  and  sc  forth. 


j! 

1 


l-UI<  'Mill 
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He  Examine  an  example,  when  the  disturbed  xcticc  is  caused  only  by 
any  deviation  of  steering  c rga  it/cc  r t tc  Is  (it  cur  case  of  elevators) 
fret  their  position  in  the  tr  imice  c/st  e acin  c-st  e te  itself 
reference- flight  conditions  - zero  cr  balancing,  i.e.,  by  values 
a8,, (/)  and  A®*,U>-  (It  is  cfcvicus  that  if  the  nominal  trajectory 
corresponds  to  the  zerc  position  cf  controls,  then  it  is  possible  in 
that  case  to  count  deviations  A®*,  = ®*,  and  A®*,5*®*!)-  The  torm  cf 
dependences  A®,,(h)  and  A®*,tf'  can  he  different  depending  on  the 
targejb/purposes  of  investigation.  Figures  8.9,  tor  example,  shows 
different  forms  of  the  deviations  cf  angle  A®/,,  introduced  to  machine 
for  the  study  of  the  dytaiic  properties  of  the  rocket  motion  by  which 
is  simulated. 


1 

i 

\ 

i 

1 


i 


i 


As  can  be  seer,  frofl  Fig.  8.9a,  these  deviations  can  be  assigned 

in  the  form  of  square-waves  signal,  which  differ  in  terms  of  amount 
cf  deflection  A®*,/  and  in  terms  cf  the  duration  of  its  actions  *<. 
with  the  aid  of  which  is  imitated  the  acticr  cr  tne  rocket  of  stepped 
ratios  of  steering  orga r/cc r t r c Is . 

Deviations  can  be  also  assigned  in  the  fern  of  the  harmonic 
functions  (see  Pig.  8.9t),  whose  amplitude  A®,,*,  period  7\  and  the 
dvraticn  of  action  t.  can  he  chanced.  The  introduction  of  the 
perturbation  signals  of  this  form  rakes  it  possible  to  investigate 
the  ability  of  rocket  tc  fellow  the  control  displacement. 


i 
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Fig.  8.9.  Diagram  of  the  fcicing  functions,  utilized  during  the  study 
cf  the  dynamic  properties  cl  rccket  and  its  control  system. 


Page  325. 

Finally,  changing  time  lB  it  took  effect  cl 

distuchance/perturfcatic n , we  can  investigate  dynamic  properties  and 
the  stability  of  rocket  cn  the  mcst  unfavorable  phases  of  trajectory 
cf  its  motion.  As  for  coefficients  an,  the  approximated  curve/graphs 
cf  forcing  functions  and  A8*,  If)  are  sclcerred  to  the  blocks  of 

the  variable  coefficients,  iy  means  cf  which  they  are  introduced  into 
diagram  after  the  starting/launching  of  machine.  If  fB>0.  then  in 
the  period  of  time  o — t„  machine  will  issue  zero  solution  6v(t)  = 
66  (t)  = 6a  (t)  * 6y3  (t)  = C,  shewing  therety,  that  in  the  absence  of 
disturtance/pertur batic ns  the  rocket  moves  ever  nominal  trajectory. 


t' 

> 
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E i c ■ the  torque/iaomcnt  c£  time  r = tH  programmed 

disturtance/perturbat ic rs  AA:,(0  and  A6,,  (/)  hill  oegin  to  enter  the 
appropriate  blocks  cf  variable  cce  1 f ic  ient s , assigning  dynamic 
coefficients  u,j.  where  there  occurs  the  multiplication  of  these 
values. 

» 

In  passing  by  through  the  scaling  blocks  cf  constant 

ccWf f icienf s,  the  voltages,  propcrticral  tc  torcing  functions,  will 

1, , ' 

hit  the  integrating  operational  amplifiers  by  which  they  will  be 
integrated.  Obtained  as  a result  of  this  deviation  6 v,  60,  Sug, 
with  those  signs  with  which  they  enter  in  the  equations  of  the 
disturbed  motion  (ter  the  r e p or t/c c m n ur ica t jen  tc  them  of  the 
necessary  signs  in  diagram  ere  provided  the  inverting  units),  they 
are  transferred  by  the  appropriate  chattels  tc  the  lead-in  pcirts  cf 
the  usits  cf  variable  coefficients  for  the  formation  of  the  new 
values  of  the  derived  ct  component  at  entries  units  of  operational 
amplifiers.  This  process  of  the  unceasing  formation  of  input  values 
and  their  integration  (cr  simmaticr)  ir  analog  computers  occurs  on 
clcsed  cycle  continuously  before  the  termination  of  the  interval  of 
the  process  of  the  disturbed  metier  cf  rocket  in  guestion  along 
tra leetcry . 

The  unknown  values,  which  characterize  the  disturbed  motion  of 
rccket  6v(t),  60(t),  6a  (t)  , •»*,(/)  and  cf  sc  ferth,  can  be  written 


i 

j 


i 

j 


i 
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»ith  the  aid  of  multichannel  lcop  ct  elect  rcn-r adiation,  equipped 
with  special  photo  attachment,  the  csciliccraph  to  which  they  fust  be 
given  frca  the  appropriate  cutput  ct  cperaticnal  amplifiers.  The 
example  of  the  recording  of  the  results  of  the  solution  of  a similar 
problem  for  a wingless  rocket  is  shewn  cn  Fig.  8.10,  to  which  are 
given  the  curve/graphs  cf  changes  in  the  deviations  6a(t),  A»(t), 

6®  Jt)  and  6v  (t)  , that  correspond  to  steppec  forcing  function  A&*,(f) 
whec  A*,.  (f)=0. 


If  we  look  the  curve/graphs  of  deviation  indicated  change  for  a 
statically  stable  rocket  in  prolonged  time  interval,  then  it  is  not 
difficult  to  establish  that  they  all  reflect  the  presence  of 
oscillating  processes,  voreever  very  different.  As  can  be  seen  from 
Fig.  8.10,  dependence  6<r(t)  is  characterized  by  the  presence  of 
rapidly  damping  oscillations  with  their  shcit  period,  which 
correspond  to  transient  prccess  frci  ere  balance  angle  a«  to 
ancthei.  So  at  this  time  changes  the  deviation  66  of  pitch  angle. 
This  oscillation  they  are  celled  shert-per icd. 

Cage  326. 


Changes  in  kinematic  cell/elements  dv,  68,  hx3,  by3  etc.  are  also 
accompanied  by  oscillat iens , but  the  period  of  those  oscillations  is 
already  ten  times  mere  (it  can  ever  exceed  the  flight  time  of  rocket 
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CD  active  phase  of  trajectory)  and  attenuate  ttey  slower. 


The  oscillations  indicated  arc  called  Jcng-periad  or  phugcid; 
nest  distinctly  they  arc  exhibited  at  winged  missiles  and  cruise 
aissiles.  For  rockets  ard  projectiles,  whose  lift  (i.e.  coefficient 
cl)  is  comparatively  small  cr  little  flight  ti«e,  phugoid  oscillation 
are  also  low  and  into  calculation  usually  dc  net  enter. 


After  the  interpretation  cf  cscillcgraas  cr,  the  nature  of  the 
change  in  the  deviations  of  the  cell/e lemepts  cf  the  aotion  of 
rccket,  it  is  possible  to  judge  the  stability  cf  its  aotion,  about 
the  quality  of  transient  prccess  frc«  ere  ccnditions/aode  of  the 
steady  flight  to  another,  the  correctness  ci  selection  during  the 
aerodynamic  design  cf  the  steady-state  stability  factor,  damping 
characteristics,  etc. 


Ihe  method  of  the  solution  cf  the  equations  of  the  disturbed 
iction  of  rockets  presented  with  the  aid  cf  the  linear  electronic 
analog  computers,  as  we  already  noted  above,  has  very  wide 
acceptance,  tut  nevertheless  it  very  latoricus.  In  connection  with 
this  fer  conducting  the  analytical  scluticn  cf  the  questions, 
connected  with  the  selecticr  of  many  design,  weight,  aerodynamic  and 
ether  parameters  of  rocket,  in  the  prcces^  cf  its  initial  design  they 
gc  for  even  aore  considerable  s imp  1 i f ic at ic is  in  the  problem. 
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The  essence  of  this  si  iip  1 if  ic  at  ic  n consists  in  the  fact  that  the 
dynamic  properties  of  the  design/pio  jected  iccket  are  estimated  not 
according  to  the  results  cf  the  scluticn  of  the  single  system  of 
equations  of  disturbed  scticn  (d.29)  with  Vctialle  coefficients 
flg(f).  but  by  the  analytical  investigation  cf  the  totality  of  similar! 
systems  of  equations,  dynamic  coefficients  in  which  consider  constant 
values  a'; 
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Fiy.  8.10.  Example  of  the  recording  cf  solution  in  the  analog 
computer  of  problems  on  the  study  cf  a charge  in  the  deviations  of 
the  trajectory  elements  ci  rocket  in  its  irtrirsic  disturbed  motion 
in  the  case  of  the  step  deflection  ci  ccgtrcl. 


Ls^u 


Key:  (1).  Time  scale. 


Face  327. 

The  number  of  such  together  investigated  systems  must  be  selected 
depending  cn  the  number  ot  character istic  joints  of  the  undisturbed 
trajectory  of  the  motion  cf  rocket.  To  such  characteristic  points  in 
the  trajectory,  can  be  attributed  the  joints  cf  inclusion  and  engine 
cutoff,  in  which  occurs  a considerable  charge  ir  the  thrust.,  the 
point  cf  the  booster  ejection  and  stages  cf  rocket,  it  is 
characterized  by  an  abrupt  change  in  mass  ard  tcrgue/soments  of 


J1 
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inertia,  point  with  the  greetest  and  smallest  values  of  velocity 
head,  etc. 


For  established/installed  characteristic  feints  in  the 
trajectory.  Bust  be  calculated  the  ccccrete/specif ic/actual  values  of 

dynamic  coefficients  aijUi'.  _ahV*)'  which  will  enter  into  the 

systems  of  equations  being  investigated.  Otring  similar 
investigations,  furtheraore,  they  Bake  still  ere  simplification  - ,i 

they  set/assume  in  the  reference  system  of  equations  (8.29) 
h*z,=  h*;i  = 0 (this  corresfcrds  to  the  attached  elevators)  and 

f9(t)= — 0,  this  systen  is  cccverted  irto  the  system  of 
homogeneous  linear  differential  first-erder  equations  with  constant 
coefficients.  Taking  into  account  the  aforesaid  and  uniting  in  (8.29) 
the  third  and  fourth  equations,  let  us  write  it  for 
concrete/specif ic/actual  point  in  the  trajectory  in  question  in  the 
following  form: 


lv = a^hv  -f  avS 86  -f  a«8a; 

dt 

-!!—  88 = a*m.lv  a'n  M 4-  05.80; 


4ti  88— ’~'"a“,i,8a+a,”,r,1  dt  + ®a; 

8a  = 88  — 86. 


(8.31) 


Xu  this  system  we  have  four  eguatiens  with  four  unknown  values 
dv  (t)  i 6S( t)  , 66(t)  and  do(t).  Consequently,  system  is  locked  and  can 
he  integrated. 


equations  (8.31)  is  located  as  sun  of  its  (articular  solutions  which, 
as  is  known  from  mathematics,  fcr  similar  ecuaticns  they  take  the 
fee* 

(8. 321 

lb=Ce“;  8a  = Z>J'.  f 


After  substituting  expressions  (8.32)  intc  system  of  equations 
(8.31),  we  will  obtain 

XAe» -a^Ae”  4~alfBe" + a^De*1; 
lBex‘—a»Ae»  -f  cifle"  + <£Oe"; 

VCe"  =a.ttAe» + a^.De”  +0.^0^  + (8. 33) 

De“  *~Ce“  — BeV . 

Face  328. 

in  all  terms  of  tie  ettained  equations  enters  common  factor  ekl. 
After  contraction  tc  this  factor  ar.d  the  transfer  of  all  terns  of 
equations  into  left  side,  we  will  chtain  the  following  system: 


(a^-XM  + «:,S  + «U>=0; 

-(- ( <*«• — x)  S-j-ai,D*0;  (8.34) 

«:rt,M+x(«;#l.rt-x)c+ («:„.+ xa:tl;)f)-cn 

— B +C—  D=0. 


This  system  includes  nc  longer  dif fercctial,  but  linear 
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algebraic  equations,  moreover  unknown  values  in  it  they  are  the 
parameter  X and  coefficients  A , E,  C and  E.  Ike  procedure  of  the 
solution  of  systems  of  type  (8.34)  is  krowr.  At  first  their 
characteristic  equation,  which  in  the  case  in  cuestion  represents  by 
itself  the  equation  of  the  fourth  degree 

+ V* + V* + V + *4 = 0,  (8.35) 


they  find  the  values  of  its  roots.  Such  roots  will  be  four:  Xlf  x2, 
X3,  X 4 . Each  root  is  substituted  in  algebraic  system  (8.34)  and  frem 
it  unambiguously  find  values  of  coefficients  cf  A,  B,  C and  D,  which 
ccrrespond  to  this  root: 

fer  x | - A i , Ej,  C|,  C | . 

for  X g ~ ^ 2,  Bj,  Cj,  C 2 . 

and  so  forth. 

After  this  the  general  scluticr  cf  system  (d.JI)  can  be  written 
in  the  fora 

+ +VM: 

*- B^1  4-  Bf*  + Bf*  + */».«; 

W-C,#1'  +€+*+0/*  (8' 361 

to +0 S*  +DS«  + 
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The  coefficients  of  general  solution  (fc.36)  A{,  Bu  C<  and  £)(, 

and  also  the  coefficients  of  charac ter istic  equation  *<  are  the  real 
values  which  depend  on  the  dynamic  coefficients  of  the  equations  of 
disturbed  notion  (8.31)  and  for  each  specific  case  are  different.  In 
this  case,  roots  A<  of  characteristic  equation  (8.35)  can  be  both 
the  real  and  those  con jugat e/con hi ne d composite,  moreover  in  the  case 
(fcr  guartic  equation)  in  ciesticn  are  possible  only  three  following 
combinations  of  their  values. 


1.  All  four  roots  of  characteristic  ecuaticn  are  real.  In  this 
case  cbanges  of  each  of  tie  deviations  cf  tie  trajectory  elements  of 
rccket  6 v,  68,  ...  will  be  te  defined  as  result  cf  the  summation  of 
four  aperiodic  functions  and  recor d/wr itten  in  the  form  (8.36). 


Eage  329. 


2.  Twc  Boots  of  characteristic  equation  real,  other  twc  rccts  - 
ccn jugated/ccmbined  composite,  for  example: 

Xf4  = | ± fv. 


In  this  case,  utilizing  Euler's  known  relationship/ratios 


and 


elM  -te-1'*  =r2cos  v/ 


(8.37) 


e1*  —e~hl  — '24  sin  \t. 
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equations  (8.36)  can  be  converted  as  follows: 

hv^A^'  +iV‘*'  sin  (vl  fYi); 

M=  Bxex><  + Bjr>'  + fl,>'  sin  (v/  + y.«  - 

W=C1ex-'+Cftfi*'+C,.4eMsin(%Y+Y,);  ' ; 

Jo  = £),«*'  + D^1*'  4-  sin  (vt  + y«)- 

the  entering  in  them  new  constant  coefficients  A3,4,  E3>H  C 3 ,.y 
es,h  Y<  find  in  tie  process  of  t cans  for  we  tion.  Froa  expressions 
(8.38)  it  follows  that  in  the  case  in  question  a change  of  each 
deviation  will  be  detersined  by  the  sussaticn  of  two  aperiodic 
functions  with  the  functicq,  which  describes  the  oscillating  process 
which  is  characterized,  for  exaaple,  for  velccitj  with  aa  aaplitude 
of  by  angular  frequercy  v and  by  phase  shift  Y<’ 


3.  Finally,  let  us  exanine  solution  when  all  four  roots  of 
characteristic  equation  fers  two  pairs  of  ccnjugated/coabined 
composite  roots: 

^i,,=“;±*n;  ^*5 ±,v- 


In  this  case  a change  of  each  of  the  cell/eleaents  will  be 

deterained  as  a result  of  the  summation  of  two  cscilla tory/vibratory 

functions,  and  decisions  for  them  sake  the  following  fora: 

»t>— Alltw*'  sin  {*  +fc)+M,l4r*'  sin  (*+ Vi)5 
*— *14^  +*)  + *»✓' *in(*+Y*)l  (8  39) 

sin  (iK+W+C,.^ sin  (*+ v,* 

•«— Dy sin  {»*+♦«)-}-  D,^>  sin  (vt  f yt). 


The  given  three  types  of  the  solutions  of  system  of  equations 
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(8.31J  show,  as  they  would  change  with  respect  tc  the  tine  of  aaount 
of  deflection  6v,  68,  63  and  6a,  if  the  initial  undisturbed  notion  of 
rocket,  beginning  with  characteristic  pcint  in  the  trajectory  in 
question,  it  represented  t y itself  straight-and-level  flight  with  the 
ccrstant  velocity,  i.e.,  under  ccnditicrs,  clearly  different  froa  the 
real. 

Eage  130. 

Therefore  the  obtained  analytical  solutions  are  utilized,  as  a rule, 
cnly  fer  approximate  qualitative  evaluation  of  the  dynamic  properties 
cf  roaket,  especially  as  this  € val  vatic  c cat  be  aade  on  the  basis  of 
the  analysis  of  the  roots  ci  characteristic  equation. 

If  real  roots  or  the  real  parts  of  the  ccipcsite  roots  of 
characteristic  equation  (8.35)  (whcle  ci  part  cf  then)  will  be 
positive,  then  the  entering  all  the  scluticrs  |6.39)  factors  of  the 
type  el>  will  grow/rise  in  the  course  cf  tine.  In  this  case,  the 
deviations  being  investigated  from  the  undisturbed  notion  6v,  66,  69, 
6 a will  also  after  the  break-down  cf  disturlance/perturbation 
gtew/rise  with  larger  or  lower  speed,  what  is  the  sign/criterion  of 
the  instability  of  rocket  or  projectile  in  this  state  of  notion  and 
testifies  to  the  incorrect  selecticc  cf  the  dyranic  coefficients, 
which  determine,  as  noted  atove,  tie  values  cf  the  roots  of 
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characteristic  equation.  If  during  tie  design  cf  value  a (t) , J (t) , 
ml,  m4„  (\  etc.,  entering  the  dynamic  coefficients,  undertaken 
correctly,  then  all  real  iccts  and  the  real  farts  of  the  composite 
rccts  will  be  negative  or  their  part  with  tie  ethers  negative  will 
obtain  zero  value.  In  this  case,  the  deviations  6v,  68,  6d,  6a  will 
respectively  or  decrease  (attenuate)  cr  net  attenuate,  but  also  not 
increase.  In  the  first  case  the  rccket  calls  stable  in  axial  motion, 
in  the  seccnd  - neutral. 

Investigations  show  that  the  reckets  atd  the  fin-stabilized 
projectiles  unguidad  or  with  the  attached  ccntrcls  are  neutral 
dynamic  systems,  since  their  deviaticr  frem  the  trajectory  of  the 
undisturbed  motion  are  r,ct  removed  fcy  themselves  after  the  break-down 
cf  their  caused  di  sturt  ance/perturt  atic  r..  Dynamically  stable  rccket 
becomes  only  when  the  acting  automatic  ccnticl  system  is  present,  of 
flight  with  the  correctly  selected  equation  cf  control  (by  law  of 
regulation) . 

Qualitative  a nswe t/res ( ense  tc  a cuesticn  ccncerning  the 
stability  of  flight  vehicle  can  be  obtained  and  without  determining 
the  rocts  of  characteristic  eguaticr.  (6.35).  Fct  obtaining  the 
negative  values  of  real  rccts  and  teal  parts  of  the  composite  roots, 
it  is  necessary  and  it  suffices  tc  satisfy  the  condition 

*,>0;  *t>0;  *»>0;  *t> 0; 

*!*«*» -*!*•- *5  >° 


The  aotion  of  rockets  and  projectiles  are  suodivided  into  steady 
and  that  beiny  unsteady.  Under  steady  sctici  is  understood  such 
action,  duriny  which  its  determiniry  parameters  (velocity  of  the 
motion  of  the  center  of  mass  v,  ancles  a,  f,  7,  anyular  rates  of 
rotation  **,,  and  »,, ) in  the  coirse  cf  time  dc  not  chanye.  it  is 
obvious  that  under  the  actual  conditions  of  this  steady  aotion  the 
rockets  and  the  projectiles  does  net  happer  to  have.  The  concept  of 


steady  notion  (or  flight  equilibrium)  is  most  frequently  introduced 
conditionally  in  the  examination  cf  motion  lelative  to  the  center  of 
■ass  (balancing  flight  conditions).  In  actuality,  however,  a change 
in  the  angles  of  rotaticn  cf  ccntrcls  cr  the  appearance  of  any 
pertujctaticn  factors  always  disrupt  the  steady  moment  balance 
relative  to  the  center  cf  mass  cf  iccket  arc  they  force  it  to 
ttansfer/ccnvert  frcnt  one  ccnditicrs/mcde  ci  the  steady  flight  to 
another. 


Let  the  initial  steady  motion  cf  a rocket  he  characterized  by 

value  8,, =0,  and  therefore  aff=0.  let  us  assume  that  at  the  moment 

c£  time  t = ti  the  elevators  were  deflected  ty  angle  #,,<0,  tc  which 

0 

will  correspond  under  the  assumption  0 - 0 trii  angle  a«. 

Further  angular  motion  or  the  rocket  with  retention  of  angle 
*.«  by  constant  illustrate  the  curve/graphs,  given  to  Fig.  8.11.  In 
tiie  interval  t4-t2  under  the  action  cf  total  tcrgue/momen t 
Mto—Mp,,—  >0  the  rocket  hegins  tc  te  turned  relative  to 

the  canter  of  nass,  in  this  case,  it  will  appear  and  will  grow/rise 
angle  cf  attack  a > 0 ard  angular  velocity  i.  Jit  the  moment  of  tine 
t2,  the  angle  of  attack  a will  become  equal  to  trin  angle  ae.  and 
Mi*  - zero.  But,  possessing  at  the  mceent  cf  time  in  question  angular 
velocity  a2  > 0,  rocket  as  inert  bedy  will  continue  its  rotaticn  in 
previous  direction  until  tor gue/mcient  Mu  inhibits  it  in  position  3 
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Fact  J12. 

In  the  absence  of  camping,  this  csciilcting  process  will  be 
consecutively  repeated,  i.c.,  it  will  be  hfiacpic,  moreover  frequency 
will  tc  determined  by  tit  nement  cf  the  inertia  cf  rocket  and  by  its 
steady-state  stability  faetcr.  because  cf  cenpirg  the  process  in 
question  bears  the  damped  character,  ir  ccrscqttnco  of  which  during  a 
certain  tine  is  estub 1 i sh/  i r s ta 1 le d the  tria  ectilibrium  of  rocket 
and  it  begins  to  move  in  the  new  t r ii  nt  d/s  t*  ad  i rg-state  itself 
cc rdit ions/inode  at  value 

The  process  of  transiting  the  rocket  |a  ary  other  system)  from 
ent  steady  state  tc  another  calls  transient  prccess. 

The  form  of  transient  process  depends  substantially  on  the 
damping  characteristics  cf  rocket  and  cn  their  te lat ionshi p/ra t ic 
with  the  reserve  of  its  static  stability. 

For  the  illustraticn  ct  this,  let  us  ccsctiLe  mat homa t ica  1 1 y 
transient  process  taking  into  acccrnt  dampiig  and  will  examine 
solution,  let  us  introduce  into  equation  (6.1)  ct  harmonic 
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cscil  lations  instead  ot  the  angle  a anglean“a — a«,  which  characterizes 
the  oscillation  ol  the  axis  ot  rocket  ot  it t relatively  balancing 
(.ositicn,  and  tec*  2kaa,  which  considers  das(irg  moment  Attn 

this  the  equation  will  take  tic  tern 


a,  — ^Aa.-f  **o,— 0,  (8.40) 

where 


sudden 

ot 


with  conditions  for  feint  (■/,■.();  am-  ~ae,  o»,-0.  which 
chatactecire  the  beginning  cf  transient  precess  during  the 
deflection  ot  elevators,  we  cbtain  the  tolliwirq  solutions 
egvaticn  (6.40) : 


a)  if  n*--k*>0 , then 


where 


me~*  *in  (VV-rt-f- *).  (8  41) 


yar=^  ' 


* — xrctg 


yxr^» 

* 


! 
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Fig-  8-12.  Different  farms  cf  the  transient  [recesses  of  a change  of 
angle  of  attack  daring  the  .instantaneous  step  deflection  of  control 
in  the  case  cf  oscillation  camping. 

Face  333. 

Ms  can  be  seen  frea  scluticr  (8.41),  a charge  in  angle  a„  bears 

_ 2n 

the  character  of  oscrllaticrs  with  period  ~ \ ' ■ ot«°*er  the 

amplitude  of  oscillations  in  the  course  of  time  decreases, 
approaching  zerc  at  the  end  cf  the  transient  process  when  /=<„ 

It  is  not  difficult  to  see  that,  changing  the  damping 
characteristics  m"'<  of  rocket  and,  censectcr  t ly,  also  coefficient 
k,  it  is  possible  to  regulate  transit  time  t„  desirably.  For 
example,  with  an  increase  in  rotary  derivative  m~»,  of  the 
fluctuation  of  angle  a„  they  will  attenuate  mere  intense,  and 
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transit  tine  will  decrease.  In  Fig.  6.12  tc  exanined  solution  (under 
identical  initial  conditions)  correspond  the  curves  1 and  2,  moreover 


b)  if  n2-k2<0,  then  the  scluticn  of  equation  ( 8 . U 0)  is  expressed 
by  the  formula 

(ch  1 sh  , (8.42) 

shewing  that  in  this  case  angle  an  changes  ape i xodica lly, 
approaching  zero  at  the  end  of  the  transient  process,  moreover  here 
with  increase  oi  k (i.e.  ana  /n“'«)  . with  the  cccstant  n transit  time 
already  grow/rises  (curves  i and  4). 

The  relationship/ratice  between  ccefficierts  of  k and  n ♦ o which 
correspond  the  curves,  given  tc  Fic.  6.12,  were  undertaken  in  an 
example  following: 


M kjwLoa 

/ 

2 

3 

4 

k/n 

o.a 

0.9 

1.1 

2.5 

Key:  ( 1)  . curved. 


Best  are  considered  such  transient  processes  when  oscillations 


in  system  cr  do  not  appear  (aperiodic  process,  curve  3),  or  are 
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weakly  expressed  (curve  2) , tut  transit  ti«e  is  snail.  An  increase  of 
transient  period  and  the  presence  in  it  of  considerable  oscillations 
decrease  the  accuracy  cf  the  cperaticr  cf  tte  systems  of  rocket 
ccntcol  and,  as  a result,  tte  accuracy  cf  tte  incidence/impingement 
ty  the«  into  targe t/pur p cse  . 

§4.  Conditions  of  the  stable  flight  cf  the  rotating  rockets  and  of 
projectiles. 

Artillery  shells  and  TfS,  that  are  stabilized  in  flight  because 
cf  tigh-spin  action,  intended  tor  a firing  tc  tie  comparatively  small 
distances  with  which  the  rotation  ct  tie  Earth  and  its  curvature  dc 
not  have  virtually  effect  cr  the  stability  characteristics  of  motion. 

Eage  334. 

If  we  approximately  consider  the  rotational  effect  and  curvature  of 
the  Earth  by  the  introduction  cf  ac ce  1 erat  ic  n "g  = g0,  then  complete 
system  of  equations  can  te  written  cn  the  lasis  cf  equations  (1.16) 
and  (1.21). 

In  the  right  side  cf  equations  (1.16)  they  must  be  introduced  to 


the  projection  of  all  forces,  which  act  on  projectile,  on  the  axis  of 
tl * driving/moving  i coordinate  system.  For  the  rotating  rocket 
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projectiles  these  forces  arc  exterral  aerodynamic  forces  [ (2.109), 
(2.110),  (2.111)],  the  thrust  cf  all  engines  (2.120),  Magnus*  force 

(2.112)  and  the  secondary  forces  (see  Chapter  11,  Section  5.2).  To 
secondary  forces  can  be  attributed  the  forces,  caused  by  aerodynamic 
and  gas-dynamic  eccentricities,  and  the  forces,  caused  by  the  lack  cf 
talance  of  masses. 

In  the  right  side  cf  equation  (1.2  1)  ere  shculd  write  the 
moments  of  the  named  forces  and  the  tcrque/icment  of  surfice  friction 

(2.113) .  For  the  guided  missiles,  it  is  logical,  must  be  added  the 
control  forces  and  the  selects  of  these  forces;  for  the  artillery 
shells  cf  constant  mass,  reactive  and  variation  forces  must  be 
excluded. 

Has  independent  value  the  exaiiration  cf  effect  on  stability  of 
motion  of  the  conditions  of  firing  from  the  fast-moving  carrier,  for 
example,  of  aircraft,  and  tie  account  cf  the  effect  of  the  wind 
effect  (see  Chapter  XI). 

The  compilation  of  system  of  equations  taking  into  account  all 
acting  forces  in  the  form,  suitable  for  nuierical  solution, 
represents  complex  and  laborious  problem.  Fcr  the  projectiles  of 
constant  mass,  this  problem  was  fcr  the  first  time  solved  by  V.  5. 
Fugachcv  upon  consideration  cf  drag,  normal  force  and  Magnus'  force. 


Cueing  the  writing  of  the  equations  cf  LOtsry  iction,  were  considered 
the  tergue/moments : inverted,  damping,  the  ocment  of  the  Magnus  force 
and  the  tor que/moment  cf  surfice  fricticn.  her  TRS  fundamental  works 
cn  this  guestion  were  carried  cut  ty  Ya.  M . Shapiro,  Yu.  A. 

Kochetkov,  et  al. 

As  showed  many  well  knewn  exa a ina t ions , the  motion  of 
projectiles  and  rockets  cf  their  relatively  centers  of  mass  can  be 
exaained  separately  frci  ferward  metien  alcrg  trajectory,  counting 
that  all  the  characterist ics  of  last/lattei  are  known  functions  of 
time  [ v (t)  , 0 (t ) 0 y3(t)  and  so  forth].  In  this  case,  for  the 
engineering  calculations  cf  the  statility  cl  the  rotating  projectile, 
it  suffices  in  the  first  ap p rexioa ticn , to  consider  only  tilting 
■ cment  Mt~M  (2.111),  which  is  the  tasic  factor,  which  determines 
the  character  of  rctary  metien  [9],  fissile  attitude  in  its  rotary 
motion  as  usual,  by  three  argles:  two  angles  determine 

the  position  of  the  axis  cf  projectile  relative  to  velocity  vector 
and  cee  angle  - rotation  cf  projectile  cf  relatively  longitudinal 
rotational  axis.  Position  cf  velocity  vector  of  relatively 

earth*~tased  coordinate  system  cf  detiniticr  ty  two  angles  - 0 and 

V. 
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Depending  on  the  formulation  ct  tie  prcble#,  missile  attitude 
relative  to  velocity  vectcr  car  be  determined  by  angle  6 between  the 
axis  cf  projectile  and  tancent  to  trajectory  (fig.  8.13).  This  angle, 
in  accordance  with  the  terminology  cf  tie  theory  of  gyroscopic 
devices,  is  called  nutaticn  angle.  If  the  plane  of  angle  5,  by  the 
called  plane  of  resistance,  acts  tiltirg  mcient  .w.  The  position  of 
the  plane  cf  the  resistance  cf  relatively  vertical  plane  is 
determined  by  dihedral  angle  v,  wbese  fin/edge  coincides  with 
velocity  vector  v.  Angle  v is  called  precessicn  angle.  The  rotation 
cf  projectile  relative  to  tie  spin  axis  is  ceternined  by  the  angle  m 
whose  plane  is  perpendicular  tc  the  lcngitudinal  axis  of  projectile 
Cx  t. 


The  position  cf  the  lcrgitudiral  axis  cf  projectile  relative  to 
velocity  vector  can  be  determined  ty  tie  arcles  6E  and  6 2,  which 
replace  angles  6 and  v.  Conun  icat  icn/con  r <ct  icn  between  the  named 
pairs  of  angles  is  determined  from  spherical  richt  triangle  with  legs 
and  d2.  With  the  low  values  of  angles  6t  and  62,  which  corresponds 
to  stable  projectiles,  it  is  possible  tc  write 

8 = ^8?-|-8?;  8j=8sinv;  8f=8cos\;  tg=-^- . i8/43) 

During  the  solution  cf  prcblev  for  flat/plane  curved  path  taking 
into  account  a decrease  in  the  tancent  to  trajectory  into 
examination,  are  introduced  the  angles  0,  «,  6,  and  62. 


Por  straight 
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path  the  solution  proves  tc  fce  more  simply,  since  it  suffices  to 
intcoduce  cnly  angles  #,  v and  6.  During  the  study  of  the  yawing 
•otioa  of  the  rotating  projectile,  additiorally  is  introduced  angle 


Let  us  examine  the  rotary  mcticn  cf  prcgectile  in  connection 
kith  curved  path  taking  intc  account  a deciease  in  the  tangent.  The 
equations  cf  rotary  motion  Jet  us  comprise  in  the  form  of  the 
differential  equations  c£  Lagrange  cf  2 kiras  (1.33). 


He  plan  comprising  of  angular  velocity  tc  the  principal  axes  of 
inertia  of  projectile,  which  let  us  designate  ir  the  manner  that  it 
is  accepted  in  ballistics  cf  the  projectiles  cf  the  barrel  systems: 
the  longitudinal  axis  cf  prcjectile  Cxg  - through  Q£,  the  equatorial 
axes  of  rectangular  coordinate  systei  - threugh  05  and  0»j; 
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Fig.  8.13.  Schematic  of  the  angles,  which  determine  the  position  of 
the  rotating  projectile  in  trajectory. 
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The  origin  of  coordinates  it  is  ccrsistent  with  the  center  of  lass  of 
projectile.  The  orientation  of  axes  relative  tc  velocity  vector  is 
shewn  co  Pig.  to  8.13.  lor  use  (1.33)  it  is  necessary  to  have 

f¥T  AT 

derivatives  — and  ~ , where  T - kinetic  energy  of  projectile  in 

dqi  dqj 

rotary  notion;  - generalized  coordinate.  Kinetic  energy  is 

defined  by  the  expression 

T=-L(Af  + Bf+Cr*  I, 

where  C - axial  noment  of  inertia,  A and  B - tcxgue/noaents  of 
icertia  of  relatively  equatorial  axes  CF  arc  o,,;  P*  q and  r - 
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projection  of  the  instantaneou s angular  veltcity  of  projectile  cn 

axis  6?,  Or}  and  Of. 

For  the  axisy mmet r ic  projectiles  A = E and,  therefore. 

As  the  generalized  coordinates,  which  cetermine  missile  attitude 
during  rotation  relative  tc  the  center  cf  u«ss,  let  us  take  angles 
fj,  6j  and  0.  Angle  <t>  is  net  shewn  net  in  cider  not  to  complicate 
drawing,  to  simply  show  tie  angular  velocity  vector  ♦,  necessary  for 

f . • 

the  abandonment  of  equations.  Angle  4 and  it  derivatives  9 and  9 are 

i 

accepted  as  the  known  functions  of  tine. 


3he  vector  of  the  instantaneous  angular  rate  of  rotation  cf 
projectile  is  determined  ty  the  sub 

0 =\  + +?  + ®- 

the  sense  of  the  vector  angular  velocities  is  selected  according 
to  the  appropriate  rule  of  aechanics.  Vector  6j  is  perpendicular  the 
plane  of  angle  6*  and  coincides  with  tie  negative  direction  of  axis 
OF.  Angular  velocity  vectors  6Z  and  9 are  perpendicular  to  the  single 
plane  of  angles  6a  and  6 anc  are  directed  alcng  the  positive 
direction  of  axis  cz.  Projecting  vector  '£!  tc  tie  coordinate  axes. 
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It  the  low  values  cf  argles  6,  and  6Z,  it  is  possible  tc  accept 
siq  = cos  6 1=  1 « Then  expression  fcr  kiretic  energy  of  projectile 
in  rotary  motion  we  obtain  in  this  fern: 

T=  Y M [*?+(*+ 8,)*)  +C  !»+(•  + W>.  (8.  44) 

On  the  basis  cf  the  general  cc nsidera t icn  cf  mechanics,  the 
generalized  force  for  tbe  angular  parameter  is  egual  to  the 
projection  of  the  acting  tc  igue/ire  me  rt  cn  the  axis  of  elementary 
rctaticn.  In  the  case  in  guesticn  generalized  fcrces  will  be  the 
projections  cf  vector  W cn  the  directions  ci  angular  rates  of 
rctaticn  61#  6Z  and  * 

Q,  =*Af  sin  vcos&,;  = -**  cos v;  Qf=Af-«0. 

(8.45) 
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After  using  (2.111),  let  us  write 


(8.46) 


where 


(8. 47 1 
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ie 


Qe,  — .434  sin  v cos  4,;  Q4,  ==  434  cos  v;  Qf = 0. 

Utilizing  (8.43)  and  taking  intc  accouit  the  saallness  of  angles 
and  6Z,  we  will  obtain 


Q.,  = 4.34  iJ  Q»,— 4^4,;  Q,=0.  (8.48) 

Let  us  pass  to  the  ccirfilaticn  cf  the  equations  of  rotary  motion 
in  the  form  of  equation  ( 1 • 3 3) . for  the  ccn^ilation  of  equation  for 
generalized  coordinate  tx,  ve  differentiate  (6.44)  on  6,  and  6!  we 
fiifd  the  following  values  of  derivatives: 


--C  [?  -h®+®*)®>]  (®+®*)- 


(8.49) 


For  the  projectiles  cf  ccnstart  lass,  isually  they  accept 

r=r0=const, 

i.e.  dc  not  consider  a change  in  the  angular  rate  of  rotation 
relatively  longitudinal  a>is  (for  exanjle,  the  attenuation  of  the 
rctaticnal  speed).  After  using  (1.33)  and  value  Q*,,  we  will  obtain 


^-0,(4,+*)=^. 


(8.50) 


For  the  coapi latic n cf  equation  for  generalized  coordinate  6Z, 
we  differentiate  (8.44)  cn  i2  and  l2  we  fire  derivatives 


^-  = ^(#+i,)+CrA5 
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After  using  (1.33)  and  value  Q*,,  ve  will  cttain 
A&t  + A6+Crti1  = Aptr  (8.51) 


Eor  simplification  in  tie  writing,  usually  is  irtroduced  the 
desigoaticn 


Cr  _ Ctq 

~ 2A  ~~  2A  ' 


(8.52) 
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Carrying  out  replacement  in  (8.5C)  and  (8.61),  let  us  write 

^ -2a  (%+*)-*,;  8t+e  + 2a«I=*pef  (8.53) 

cr,  after  transferring  intc  the  right  side  cf  tie  value  ont.ained 
during  the  separate  scluticr  of  the  eguaticrs  cf  motion  of  the  center 
cf  lass  of  projectile,  «- 

8j  — 2a5s  — = 2a8;  8S  — 2aS,  — = — 8.  (8-  54' 


In  the  general  case  under  the  alt  e rn a t ing/ variable  at  and  p and 
initial  conditions  t=0;  £t=f,0;  <5t-6l0;  62=<20;  62=620  system  (8.54) 
can  be  solved  only  numerically. 


let  us  multiply  the  first  eguaticn  by  i arc  let  us  add  with  the 
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seccnd 

5,  + 1\  + 2o  1 - /8t)  - p (8,  -f /8X)=  2ta6  - 6. 

It  is  possible  to  replace  i«2— 6t  = i |£a*i£1)  and  then 

\ + 76,  - 2/a  (8,  + «,)  — ? (8,  + /«, » = 2/a6  - 6. 

After  introductic r.  tc  complex  variable 

2=  8,+/8,  (8.55) 

ue  Mill  obtain  one  the  equation,  equivalent  to  system  (8.54)  , 

z — '2iaz  — fe=2ia6  — 6.  (8.56) 

last/latter  equation  - linear  ncrhcraccenecus  differential 
equation  of  the  seccnd  order  with  variable  coefficients  and 
alternating/variable  right  fide. 


In  conformity  with  the  seccnd  equation  of  system  (5.3) 

g _ geos  8 

V 

Taking  the  second  derivative  and  converting,  we  will  obtain 

6 = — (g  sin  8 — v).  (8.57) 

V 

Tc  solve  the  equations,  similar  (£.56),  is  possible  only  by 
rwatcical  methods,  initial  conditions  will  fe  written  as  follows: 


/=0j  £ — *0  — 
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Introducing  the  supplementary  s ia p lif  ic at  ions,  in  particular, 
accepting  £=const,  it  if  possible  equation  (6. ft)  to  solve 
analytically.  The  complete  integral  cf  differential  equation  (8.56) 
represents  by  itself  the  sub  of  the  general  solution  of  nomcgenecuj 
equation  and  the  particular  integral  of  nc rtc»cgeneous  equation.  Th 
hcicgeneous  equation 


z—2iaz  — 3z=0 


by  the  substitution 


z—ueM 


(8. 58) 


(8.  59) 


is  led  to  a simpler  form.  Ficm  (6.59)  it  fcllokf 


z = ue'mt  -j-  iaueUl ; z—ite,ml  -f  2 laueUi  — . 
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Substituting  z,  z and  z in  (8.56)  and  ly  reducing  on  e'a\  «e 
vill  pbtain 


u - ( a*  — 3 i u — 0. 


3=1--=-  . 

a2 


Eesig nating 
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let  us  lead  last/latter  eguaticn  tc  the  fori 


u ~a*3u  —0. 


With  variables  a ard  a,  eguaticr  (8.61)  analytically  is  not 
solved.  On  the  assumption  that  a=ccnst  and  c=cccst,  the  integral  of 
egcation  (8.61)  takes  tie  form 


u=CicuV,'-!  Cte~u ' ”■ 


Substituting  u in  (8.5?) , we  will  obtain 


Integration  constant  ii.  general  form  axe  represented  by  the 


cciflex  numbers 


after  which 


Eesignating 


Ci  = L'ieu‘ ; C.—QtC1 


c’  (*  (!+»•)/-•,)  — (!,£*[«  (>—  I • J » + <■). 


,=  a(l-fl  j);  “i  = a (l  — 1 «) 


I 
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and  remembering  that  £'♦*=  cos  <(»-)-/ sin  let  us  write  instead  of  (8.64) 

c = 0!  cos  («>,/  -f  s, ) -f  i>,  cos  (»,<  + ** 1 — 

-r  / (<?j  sin  -4-a1)-j-y,sin  -j-  s,)].  (8.66) 

Comparing  (8.55)  ard  (£.66),  he  will  cftain  expressions  for 
angles  6t  and  62 

*!=©!  sin  (V+*i)-reisin  + (8-  67 . 

6,=®,  cos  (V  + ei)  + 0*  cosjuiji  -(-*,).  (8. 68 1 

Fig.  8.14  depicts  the  notion  ct  tie  lc rgitudinal  axis  of 
projectile  in  coordinates  6t  and  62.  Feint  t represents  by  itself  the 
projection  of  the  point  of  intersection  of  the  longitudinal  axis  of 
projectile  with  the  sphere  cf  the  unit  radits,  carried  out  from  the 
center  cf  mass  cf  projectile,  tc  coordinate  plane  6,06z.  The  velocity 
vector  of  the  center  of  mass  of  projectile  icr  the  solution  of 
honegeneous  equation  (8.58)  in  question  is  projected  into  the  point, 
hhich  corresponds  to  the  crigin  of  rectilinear  coordinates  6,  and  6Z. 

Fage  340. 

The  motion  of  point  M on  coordinate  imace  plane  can  be  represented  as 
vector  sum  of  two  motions:  the  rotation  of  point  M along  circle  with 
a radius  px  of  the  relatively  i csta c ta neou s center  of  rotation  and 
movable  circular  action  cf  instantaneous  center  cf  rotation  along 
cir cuaf erence  with  a radius  p2.  The  angular  velocities  of  rotary 
motion  u,  and  w2  ace  determined  by  expressions  (8.56).  It  is  obvious 
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Fig.  8.14.  Graph/diagra*  cf  dependence  62=f(6l)  for  the  straight 

jcrtipn  of  the  trajectory  cf  the  f ast-tur  n i r.g  jrcjectile  with  604o 
% 

and  6o^0. 
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Let  us  find  now  the  particular  integral  cf  nonhonog  eneous 
egcaticn  (8.56).  Soluticn  they  usually  search  fcr  in  the  for*  cf  the 


series: 


(8. 70 1 


Investigations  shew  that  a - the  high  lareieter  and  the  terns  cf 
a series  rapidly  they  decrease.  Function#  tic#  tine  z0 , i,,  zt  are 
subject  to  deternination.  Let  us  differentiate  z,  and  i'p  and 


the  Members  of  the  seccrd  cider  c£  smallness  ard  by  thee  it  is 
(essible  tc  disregard. 

let  us  equate  the  ccef ticiert s hhen  a kith  identical  degree  in 
the  right  and  left  sides  cf  the  last/lattei  equation. 

Coefficients  of  «z : 


if'-0- 


Coefficients  when  « 


Coefficients  of  a0 
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fig.  8.15.  Decrease  of  nutation  ancle  6 frcn  da ■ ping  of  medium 
depending  on  time. 
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Of  three  last/latter  eguations  we  fine 


A 2<a-  i,  , 02  o o.  a2  ; 

'c==o 


Let  us  differentiate  cr.  t of  the  secccc  equation  of  system 
(6.71)  and  let  us  substitute  z,  into  the  third  equation.  After 


conversion  let  us  have 


- =2^1  8-4  — 


a,i(t- t) 


Substituting  in  (6.7C)  z0,  zx  and  z2,  he  will  obtain 


? ? F \ 8 > } 


laking  into  account  the  general  viev  ci  cciplex  variable  (8.55), 


let  us  write 


r 

i 


t 


curvilinear  trajectcry  phase  shews  that  in  this  case  the  epicycloid 
is  oriented  relative  to  the  dynamic  axis  ol  equilibrium  (relative  to 
pcint  D in  Fig.  8.16).  Icint  D represents  ty  itself  projection  cn 
image  plane  cf  the  point  cf  intersection  of  the  dynamic  axis  of 
equilibrium  with  the  sphere  of  a unit  radius.  Icr  each  moment  cf 
time,  the  position  cf  pcirt  D cn  coordinate  plane  is  determined  by 
values  hip  and  A2p,  which  are  located  frcs  fcriulas  (8.66)  and 
(8.67J.  Angles  6Jp  and  6jp  are  counted  oil  from  the  origin  of 
coordinates  0,  which  represents  by  theaselves  projection  on  image 
place  cf  pcint  of  intersection  with,  tangent  tc  trajectory  with  the 
sphere  of  a unit  radius.  With  gradual  tc  trajectory  with  the  sphere 
cf  unit  radius.  During  the  gradual  deviaticr  cf  the  dynamic  axis  of 
equilibrium  from  velocity  vector  (pcirt  D ficm  point  0)  the  curve, 
described  by  a radius  p2,  obtains  the  form  cl  spiral  (unlike 
circumference  in  Fig.  8.14). 


■*— *v#- 


(8.74 

(8.  75 1 


* J[ 4 — / — — \ . 

tp  f>  P [ i * ) 

Calculations  show  that  angle  6,p  is  considerably  greater  than 

ingle  and  it  is  chief  constituent  cf  angle  Ap.  The  solution  of 

:he  problem  of  the  motion  cf  the  rotating  picjcctile  on  the 


I 


Ihus,  ace  obtained  expressions  fee  the  angles,  which 
characterize  the  position  c t the  axis  cf  dyrasic  equilibrium.  Since 
6ip»62p,  then  in  the  first  approxixaticn,  it  is  possible  tc  count 

that 


(8.76) 
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Substituting  in  (8.76)  the  second  equation  of  system  (5.3)  and 
converting  it,  we  will  obtain 


8„=k* 


cos  8 


.8.  77 • 


Angle  6P  determines  the  position  cf  the  dynamic  axis  of 
equilibrium,  relative  tc  which  ccctis  the  periodic  oscillatory  motion 
cf  the  longitudinal  axis  of  the  rotating  projectile.  If  the 
trajectory  of  the  acticn  cf  projectile  approaches  straight  line  and 
fro.  then  cn  (8.76)  6P«0  and  the  oscillations  of  the  longitudinal 
axis  of  projectile  will  he  completed  relative  tc  the  velocity  vector 
cf  the  motion  of  the  center  of  mass. 

For  the  straight  pertien  of  trajectory  in  the  case  0=const  and 
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6-0  tc  conveniently  use  angles  t,  v and  t (Fic.  8.17).  Then  the 
angulai  cate  of  rotation  cf  projectile  is  egual  to 


fi  = y -f-v  + 8. 

Let  us  first  comprise  the  systei  cf  differential  equations  for 
the  mere  general  case  - for  the  rotary  notion  cf  the  s pin- stabilized 
missile.  Let  us  consider  the  action  cf  fasic  terque/ moments  - turning 
cement  Af.p  and  the  aerodynamic  tilting  montnt  - M.  The  rotations  cf 
TiS  of  relatively  longitudinal  axis  it  is  picvided  by  the  special 
construction  of  the  nozzle  unit  in  fchich  tie  nozzles  are  fulfilled 
vith  slcpe/inclina tion  toward  ty  generatrix  missile  bodies  at  angle  y 
(Fig.  8.18).  The  plane  cf  the  action  of  turning  moment  is 
perpendicular  to  the  lc r g i t udi nal  axis  cf  picjectile.  The  vector  of 
tcrgue/mcment  Mn  is  directed  along  tie  axis  Cxl{0£)  (8.17).  The 

tilting  moment  acts  in  the  plane  of  resistance,  and  its  vector  is 
directed  along  the  axis  Czl#  perpendicular  tc  the  plane  of  the 
resistance  (see  Fig.  8.17). 


In  the  case  of  expression  in  question  fer  generalized  forces  on 
the  appropriate  angles  cf  rotation,  they  sill  take  the  form 

Qt=Af  cos  (*,*,)+ 

Q, — M cos  ( z,o)  -}-  Mlf  cos  (jc,«) = M BP  cos  8;  ( 8. 78) 

Q, = M -f  M w cos  ( z ) = M . 
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Fig.  8.16.  Graph/diagran  of  dependence  C2=f(d,)  tor  the  curvilinear 
phase  cf  trajectory  of  the  center  cf  mass  ci  the  fast- turning 
Ficjectile  with  6„yC  and  60yo. 
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Let  us  comprise  the  differential  eguatjcns  of  Lagrange  for 

generalized  coordinates  #,  v and  6,  substituting  alternately  in 
(1.33)  derivatives  ~ and  — ; ~ and  *L.  • _f?L  and  — . After 

df  df  dv  dv  at  d» 

substitution  we  will  ottain: 


for  a generalized  cccrdinate  < 


C ~ -h  vjcos  6)  = Aftp; 


(8.  79) 
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fcr  generalized  cocrdicate  v 


-j—  [j4v  sin*  8 -f  C(f + v cos  8)  cos  8)  = M ^ cos  8;  (8. 80) 


for  a generalized  coordinate  t 


Al-Av*  sin  8 cos  *+<?(? + v cos  8) v sin  l*=M.  (8.81) 


The  angular  rate  cf  rotation  cf  TFS  of  relatively  longitudinal 
axis  ir  powered  flight  trajectory  approximately  will  be  determined 
from  (8.79).  Let  us  write 


?-j-  vcos8=r=j’ 


fig-  8-17-  Projections  of  tie  vector  of  instantaneous  angular 
velocity  and  torgue/moraents,  which  act  on  Its,  cn  rotational  axis 


Fig.  8.18.  Circuit  of  action  of  forces,  which  rotate  spin-stabilized 

fissile. 
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Since,  as  show  calculations,  v<<p,  ten  vcos6  *-n  the  first 
app roiiaaticn,  can  fce  disregarded. 
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taking  M,p  and  C constant  average  values,  let  us  deternine  the 
angular  rate  of  rotation  relative  tc  tie  longitudinal  axis: 


(JL «o\ 

C ' « «o  / 


where  a0  and  a - constant  longitudinal  accelerations  of  the  center  ofl 

■ass  of  TRS  respectively  on  guides  and  on  powered  flight  trajectory,  j 

M ] 

If  we  count  a^O  and  vo=0,  then,  fcy  designating  k= — — , we  will  , 

Ca  1 

ettain  the  approxinate  well  known  eguality 


rzzkv. 


(8. 82) 


where  the  velocity  of  the  center  of  lass  cf  projectile  v is 
determined  during  the  solution  cf  the  lasic  prcllen  of  external 
ballistics  for  the  projectile  cf  point  variable  aass. 

Eguations  (8.80)  and  (6.81)  without  supplementary 
sinplif icaticns  are  solved  orly  by  numerical  methods.  Their 
analytical  solutions,  instituted  with  a series  cf  assumptions, 
examined  in  work  [60]. 


the  easily  foreseeable  analytical  solvticr  can  be  obtained  for 
the  artillery  shell  of  constant  mass,  after  assuming  in  (8.78) 

Map— 0.  In  this  case  system  cf  three  egmatiers  (8.79),  (8.80)  and 
can  be  rewritten  thus: 
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fcr  a generalized  coordinate  t 

C-^-(?+vcosl)— 0{  (8.83) 

81 

for  generalized  coordinate  v 

~ {Av  sin*  ft+C(f-j-v  cost)  cos  8]->0{  (8.84) 

for  a generalized  coordinate  d 

At—  Ay*  sin  8cos8-f-C(f  + vcosl)vstn  %~M.  (8.85) 

System  of  equations  (8.83-8. €5)  most  frequently  is  solved  under 
the  nest  real  initial  conditions,  which  correspond  to  the 
tcrguc/nonent  of  the  less  of  tight  coupling  of  projectile  with  the 
shaft  cf  the  artillery  instruaent:  t=C ; 60  = C;  6=60  and  v—v*  is 
assuaed  that  at  zero  tine  tfcere  is  a precession  angle  v0  and  the 
angular  velocity  of  nutaticr  fi0,  bet  natation  acgla  is  equal  to  zero. 
Under  the  initial  conditions  accepted  fron  (8.83)  we  will  obtain 

f-f-vcosl— r,— com! 


Page  346. 

fron  equation  (8.44)  let  us  have 

*vsin*8-f  Cr,cos8=£>. 


Under  the  initial  ccnditicrs 
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(1  — cos*  8)v==~^-(l  — cos#). 


accepted  whence 


Cr  o 

v = s =o. 

-4(1  + CO*  t) 


(8. 86 . 


Fee  stable  projectiles  with  tie  siallntss  cf  angle  6,  it  is 
possible  to  accept 

■»i\d 

sin  8*8  K cos  8—  1, 


then  «=Cr0/2A  and  - after  irtegraticn  (6.86)  - we  will  obtain  fcraula 
for  deteraining  the  precession  angle 

v=v#4-o/.  (8.87) 

•sing  already  known  tc  us  substitution  R * Ap6,  we  will  obtain 
frea  ,(6.71)  with  the  siallness  of  acgle  6 


8+o*8-(»-0.  (8.88) 

it  is  accepted  to  cesicnate: 


9 = 


(8.89) 


and  then 


l^gMa  0. 


(8.90) 


/ ' 


l 
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As  it  fellows  fro*  (8. 69)  and  expressions  foe  a and  p, 
coefficient  « - alternating/variable.  Wore  detailed  investigations 
show  that  foe  snail  tine  intervals  « it  is  possible  to  accept  as  the 
fixed  value,  after  assuxing 

coast,  fi— const,  o—=  const 

7 be  characteristic  equation,  which  corresponds  (8.90),  takes  the 
fcllcning  forn: 

A»-f  nP»— 0. 

Bith  0>O  we  will  obtain  the  known  solution 


IsmCj**  Cgf-fa 

After  deternining  arbitrary  constants,  we  will  obtain  fornula 
fee  a nutation  angle 

(8.91) 


I— 7„.  >in  a V*. 


Pace  347. 


thus,  with  »>0  nutation  angle  is  expressed  as  trigonoaetr ic  sine 


and  the  notion  of  the  lcngitudinal  axis  of  projectile  bears  the 
character  of  harnonic  oscillations  with  period  cf  T * 2w/*yT and  with 


A 
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United  aaplitude  *•**  — r • Precessicnal  action  in  accordance  with 

a | • 

(8.87)  represents  by  itself  the  rotation  of  the  plane  of  resistance 

arcaad  tangent  to  trajectory  with  an  alaost  cccstant  angular  velocity 

of  v%a%-^S-  h change  in  the  cutaticn  atgle  is  deterained  by 
2A 

egaaticn  (8.91)  and  occtsrs  in  the  plane  of  resistance.  On  the 

trajectory  phases,  close  to  rectilinear,  the  cciplex  spatial  action 

of  the  longitudinal  axis  cf  the  rotating  pxcjectili  la  accoaplished 

€ 

relative  to  vector  v and  for  initial  conditions  v*«0,  «o=0,  6o^0  can 

be  visaally  illustrated  by  the  curve/graph,  constructed  in  polar 
cccrdiaatfa  a«/(v)  (Fig-  8.19).  Angle  6 is  depicted  as  the 
radius-vector  whose  positicr  is  deterained  by  angle  v.  If  «e  exaaine 
the  apticn  of  the  axis  cf  projectile  depending  cn  tine,  then  plotted 
functicns  6(t)  and  v(f)  aill  take  the  fora,  presented  in  Fig.  8.20a. 
During  processing  of  experiaental  data  to  conveniently  exaaine  only 
the  absolute  value  of  notation  angle  6;  therefore  curve/graphs  6(t) 
they  fregseatly  construct  ccly  in  (csitive  half-plane;  in  this  case 
curve/graph v(/)  will  oltain  stepped  fera,  since  with  transition  6 
through  zero  angle  v undergoes  the  explosion,  egusl  to  +*. 

Cent  tree  ted  sisilarly  car  ve/graphs  6(t)  and  v(/)  nith  the  explosion, 
undertaken  egual  to  -v,  are  represented  in  tig.  8.20b.  During  a 
change  in  the  initial  ccnditicns  cf  the  graph  a— /(v),  6(0  and  v(f) 
they  sill  obtain  the  feza,  different  frea  that  presented  is  Pig.  8.19 
and  8.20. 
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the  integration  of  equation  (8.89)  with  «>G  led  us  co  foraula 
(8.901,  determining  the  hartcnic  oscillations  cf  the  longitudinal 
axis  of  projectile  with  the  United  amplitude.  Integration  (8.89) 
with  w<0  will  lead  vs  tc  the  dependence 

U. Cf**™  -f-r*1' 'Pi*). 

After  the  deteraiaaticn  of  iatcgratioc  constant,  we  will  obtain 
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fig.  8.19.  Curve/graph  6-/(v)  for  the  straight  portion  of  the 
trajectory  of  the  faat-turning  projectile  with  6„=0,  6o^0. 

Page  348. 

Thus,  with  *< 0 natation  angle  is  dcteriincd  by  the  function, 
which  unliaitedly  increases  with  an  increase  in  the  tiae,  what  is  the 
sign/criterion  of  the  instability  cf  projectile.  Consequently,  the 
condition  of  the  correct  action  cf  the  rotating  projectiles  can  be 
expressed  by  the  ineguality 

,*1_±.>0,  (S92) 

in  which  coefficient  « it  is  called  the  criterion  of  the  gyroscopic 
stability  of  projectile  cn  the  initial  straight  portion  of  the 
trajectory.  Stability  ccnditicr,  cr  the  basis  of  «>0,  can  be  written 
thus: 


(*98) 
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The  values  on  which  depends  f , arc  determined  in  eany  respects 
by  the  size/diaensions  c £ projectile,  by  its  designation/purpose  and 
the  action  characteristics  the  centers  cf  teas  (8.4*): 


Therefore  to  vary  by  value  f fcr  providing  inequality  (6.93)  is 
virtually  iapossible.  It  is  considerably  siapler,  with  given  one  8, 
it  is  possible  to  accomplish  of  the  ccaditicn  cf  the  gyroscopic 
stability  cf  projectile  by  the  appropriate  selection  of  the  paraaeter 
a or,  in  accordance  with  fczaula  (£.66),  tc  angular  rate  of  rotation 


DOC  * 78107112 


F 1C  f ***- 


Fig.  8.20.  Curve/graphs  of  c change  cf  the  argles  6 (t)  and  *0);  a) 
io  the  plane  of  resistance;  fc)  in  positive  talf-plane. 


Page  349. 

Boring  notion  along  tfareaded/cut  shaft,  the  angular  velocity  of 
projectile  at  the  acaent  cf  flight  is  equal  to 

(8W) 

** 

ah ere  n - length  of  the  course  of  threads  in  tores. 


The  axial  aoaent  of  the  inertia  of  projectile  can  be  expressed 
aa  fellows: 

C-P-J-—,  (8.95) 

where  p - the  coefficient,  which  character iaes  the  distribution  of 
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the  aass  of  projectile  of  its  relatively  Icxgitudinal  axis.  The 
veight  of  projectile  can  fee  expressed  ic  tens  cf  the  coefficient  of 
Height  C9,  which  has  the  clcse  of  value  fox  the  cne-type  projectiles 

O^Cgd*. 

(there  d - a bore  in  da,  Q - Height  ic  kg. 


Carrying  out  replaceaect  a and  f,  we  Hill  obtain  froa  expression 
18.93) 

. / ZFZ 

(8.96) 


"<f 


r — ~ • 
V ffMf)' 


Per  obtaining  the  cnique  soluticn  inequality  (8.96)  they  replace 

by  eqaality,  introducing  into  it  tie  aarain  of  safety  of  gyroscopic 
stability  - a. 


In  this  case.  It  obtains  the  form 


i / *1  ■■ 

'V  TT**lf) 


(8. 97) 


Equality  (8.97)  was  called  the  fcraule  of  Zabudskiy-'Venttsel* . 
Value  a<1  concrete/specific/actually  is  set  during  design  depending 
cn  the  construction  of  projectile.  In  the  genexal  case  for  estiaate 
calculations,  it  is  possible  tc  take  a = 0.75  [59J.  In  practice  value 
U oscillates  within  liaits  ~(20-2C). 


9c  will  noH  obtain  dependence  fer  detexaicing  the  necessary 
value  of  the  nozzle  cant  angle  cf  the  nczzle  unit  of  TRS,  ensuring 
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stable  aoticn  projectile  (see  fig.  8. IS),  lie  value  of  angle  7 can  be 
designed  in  terns  of  assigned  value  as  follows. 


(age  350. 


Ike  equation  of  the  rotary  lotion  cf  TBS  relative  to  axis  oxt  takes 
the  fora 


Y. 


(8.98) 


■here  P,a«H*pof. 
nuaber  of  nosslets; 
IBS. 


- the  reaction  force,  developed  with  engine;  n - 


- in  of  force  A>  relative  to  the  axis  cf 
2 ’ 


1 


{n  this  case,  composing  thruata  S,(p«  — p)  it  is  not  considered, 
since  it  is  directed  in  the  first  ap prcxiaatica,  along  longitudinal 
axis  of  TBS  and  in  the  feraation/e cucat ion  cf  tie  torsional  aoaent 
participation  does  not  accept. 


is  a reselt  of  integrating  eguaticr  (6.58)  under  the  assumption 
cf  constancy  7 f we  till  obtain  for  the  arbitrary  point  of 

petered  flight  trajectory 


ll  sin  Y. 


(8.99) 


Hence  follows  relaticnship/rat ic  fer  the  calculation  of  the 


1 


1 i'ai  n re-iw 


1 1’  11  iii 
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unknown  angle  of  the  slcpe  cf  the  axis  cf  rczzle  7 


y=»rcsin 


(8.  100) 


i«!(<k—  *0)' 

By  index  nk"  ace  noted  the  values,  which  correspond  tc  the 
end/lead  of  powered  flight  trajectory. 


Utilizing  the  found  in  a siailar  approximate  manner  value  of 
angle  7,  one  should  produce  the  refined  verifyieg  calculation  cf  the 
angular  rate  of  rotaticr  cf  IRS  * ty  the  integration  of  equation 
(6.S8).  in  parts  of  active  section.  The  length  cf  each  part  must  be 
such  that  within  its  limits  the  averaging  ci  the  Kinematic  parameters 
cf  the  trajectory  cf  TRS,  values  cf  its  tor cue/moments  of  the  inertia 
and  other  parameters  wculd  net  introduce  large  errors  into 
calculation.  If  necessary  according  to  the  results  cf  verifying 
calculation,  it  is  possible  tc  find  ccrrecticn  in  the  value  of  nozzle 
cant  angle  7.  The  given  abeve  condition  of  the  gyroscopic  stability 
of  TRS  (8.92)  is  obtained  for  the  beginring  cf  the  passive  (or,  that 
equivalently,  for  the  end/lead  of  the  active)  trajectory  phase. 

let  us  examine  the  special  feature/pecr liarities  of  the  notion 
cf  TRS  cn  powered  flight  trajectory.  Within  the  limits  of  this 
section,  continuously  grew/rises  the  velocity  v of  the  center  of  mass 
cf  TBS  and  in  essence  cn  it  the  coefficient  £ depending,  which 
characterizes  the  tilting  mcment  H.  Eut  alsc  continuously  in 


accordance  with  (8.82)  grcw/rises  the  angular  rate  of  rotation  of  TRS 
r * i and  the  determined  by  it  angular  velocity  cf  precession  v.  As 
a result  of  this,  it  proves  to  be  that  the  criterion  of  stability  of 
IRS  #=1-£/a2  on  active  section  is  chanced  irsignif icantly,  having 
weakly  grow/risen  toward  the  end  of  the  section,  in  this  case,  occurs 
the  decrease  of  period  and  aaplitude  of  nutaticgal  oscillations  of 
IBS,  caused  by  the  initial  disturbances*  Thts,  with  sufficient 
accuracy  it  is  possible  tc  count  that  if  is  prcvided  the  stability  of 
IBS  at  the  end  of  powered  flight  trajectory,  then  it  will  be  stable 
also  on  all  section. 

Cage  351. 

The  numerical  value  of  stability  criterion  sad  ctaer  notion 
characteristics  of  TRS  cn  tte  active  part  cf  the  trajectory  can  be 
approxinately  designed  cn  tie  individual  sections  of  trajectory  with 
the  use  cf  fcrnulas  (8.<lk),  (8.86),  (8.E9),  (8.f7)  and  (8.97)  [17]. 

The  stability  condition  of  rotating  prcjectile  (8.93)  is 
obtained  for  notion  on  the  straight  pcrticn  cf  trajectory.  Bith  an 
increase  in  the  path  curvature,  the  dypanic  axis  of  egoilibriun  will 
all  nore  aove  away  fron  velocity  vector  by  angle  6,.  ingle  6,,  is 
' defined  by  foraula  (8.77). 
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the  analysis  cf  the  values,  entering  fcriula  (8.77) , shows  that 
angle  elcag  the  curvilirear  trajectcry  phase  changes,  aoreover  in 
area  of  poak  of  the  trajectcry,  where  value  cos  6 is  close  to 
greatest,  and  H(y)v3  - to  tie  srallest,  it  reaches  the  greatest 
value..  During  the  incorrect  selection  cf  the  cate  of  spin  of 
prcjectile,  angle  6P  in  peek  cf  the  trajectcry  can  becoae  sc  large 
that  it  will  lead  to  the  less  by  the  prcjectile  of  stability. 
Consequently,  angle  Ap  aust  be  considered  &s  independent  criterion, 
evaluating  the  stability  cf  the  rotating  projectiles  on  the 
curvilinear  section  of  the  trajectcry.  The  ccaparison  of  dependences 
(8.77)  and  (6.92)  fer  criteria  of  stability  • aad  dp  shows  the 
discrepancy  of  the  latter. 

It  is  real/actual,  for  the  increase  of  the  stability  of  the 
rotating  projectiles  in  the  initial  rectilirear  cut  of  trajectcry  the 
speed  of  its  rotation  r*e  scat  be  increased.  This  will  cause 
appropriate  increase  v aad  angle  6P  aad,  therefore,  it  will  lead 
to  the  decrease  of  the  stability  cf  projectile  in  peak  of  the 
trajectcry. 

Tc  coabine  both  stability  ccnditicrs  fer  the  projectiles  whose 
the  length  of  5-6  bores,  acconplishes  at  arcles  cf  departure  tc 
60-65®. 
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Jn  this  case  for  the  statilizat icq  of  projectile  along  an  entire 
trajectory  it  suffices  tc  select  tbe  speed  cf  its  rotation  in  the 
beginning  of  passive  secticn,  in  order  to  cltain  criterion  of 
stability  * equal  to  V Sji—OjW— 0,66. 

Let  us  note  one  additicnal  special  feature/peculiarity  of  the 
trajectories  of  the  projectiles,  which  are  stabilized  by  rotation. 

Ihe  existence  of  angle  dp  leads  tc  tbe  fact  that  the  longitudinal 
axis  of  projectile  the  large  part  cf  tbe  flight  tiae  is  located 
through  cne  of  the  sides  cf  vector  v and  prcjcctile  is 
deflect/diverted  sideways  ften  plate  cf  reference  of  firing.  The 
systeaatic  lateral  deviaticr  of  the  f ast-t nr niqg  projectiles  is 
called  derivation.  During  right  spin  cf  projectile,  the  dynanic  axis 
cf  egsilibciua  is  deflect/diverted  tc  the  right  froa  vector  (if  we 
lcck  in  the  direction  cf  action)  and  this  leads  to  right  derivation. 
During  counterclockwise  rotaticn  projectile  it  will  depart  tc  the 
left  free  range  plane,  i.e.,  derivaticn  will  be  left.  The  derivation 
cf  projectile  can  be  determined  and  experimentally  and  by 
calculation. 

Fage  352. 

Frca  theoretical  fornulas  (in  connccticn  with  tbe  projectiles  of 
ccqstant  nass)  are  known  tbe  foraulas  el  A.  n.  Krylov,  V.  I. 
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Cstapovich,  and  P.  P.  Eersncv,  foraula  cf  E.  Am  Venttsel'  and  the 
calculation  aethod,  proposed  by  V.  R.  Fcrsfcxc.  Cne  Of  the  aost  widely 
keewn  formulas  is  A.  N.  Krylov's  fctaala 

i 

(8.101) 

abet*  (besides  well-known  values)  F - scai-caliter  of  projectile;  # - 
angle  between  the  tangent  tc  trajectory  anc  tte  vertical  line. 

Fcraula  contains  the  values,  determined  frea  the  experiaent:  the 
unknown  it  is  accurate  value  h , proportional  tc  distance  between 
centers  of  aass  and  the  resultant  pressure  cf  projectile,  and  the 
coefficient  cf  agreement  vith  experiaent  f.  For  one-type  projectiles 
and  trajectories,  the  fcraula  gives  satisfactory  results.  Hore 
ccaaoa/general/tot al  is  the  foraule  cf  V.  N . Pcrsnina,  who  considers 
the  phenomenon  of  the  attenuation  cf  tte  rate  cf  spin  of  projectile 
for  flight  tiae. 

let  us  examine  the  calculated  deteraiceticr  of  derivation.  The 
eguaticn  of  lotion  cf  tte  center  cf  lass  cf  prcjectile  along  the  axis 
z,  directed  perpendicular  tc  range  plane,  will  take  the  fora 

y *-=/?,  — X cos  (w]z),  (8.102) 

whon  R,  - lateral  force,  caused  ty  asglei^  *cos(»C')  ~ the 

prejedtioa  of  drag  on  z axis. 
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It  is  possible  to  teplace  ccs  ( v , z)  =i/v  and  then 


0 0 • 


(8.  K)S) 


let  as  replace  also  (g/C)  X=ct  (y)  F (v)  and,  reaeabering  that 
6<v)*f(v)/v,  ve  sill  obtain 


*—{ R'-cH(y)0(v)z. 


(8. 104) 


taking  into  account  the  relatively  snail  path  curvature, 
detersined  by  derivation,  it  is  possible  tc  use  the  dependence,  valid 


fer  a planar  trajectory. 


Page  1*3. 


then  frea  (8.104)  it  is  possible  tc  state 


T o *• 


(8. 106) 


<11  \ U ) 0 


Integrating,  ve  sill  obtain 


iW'.lr" 


(8. 106) 


(8.  107| 
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let  us  discover  content  R„  It  ia  usually  assuaed  that  the 
force#  which  deflects  tie  rctating  projectile  free  the  plane  of 
casting#  is  proportional  tc  angle  6P;  thee  in  accordance  with  the 
overall  theory  of  the  aercdynanic  siiilarity 

(8. 108' 

let  us  introduce  in  (e.1C8)  value  Ap,  csing  (8.76)#  and  let  us 
discover  values  a and  f.  Arculat  rate  cf  rotation  and  the  axial 
■caent  cf  the  inertia  of  artillery  shell  let  us  define  according  to 
(8.94).  and  (8.95);  value  |6|  we  defire  as  usually.  Furtheraore#  let  us 
reaenber  that  cos  6=u/v.  Then#  without  taking  into  account  the 
attenuation  of  rotation  under  the  action  of  the  torque/aonent  of 
surfice  friction#  we  obtain  for  the  calculation  of  derivation  the 
fcllciing  expression: 


Saving  axperiaental  aeicdynaaic  characteristics  K„  ^ and 
Km  and  obtained  by  calculation  fer  the  planar  trajectory  of 

vslae  v*ft  (t)  and  u=f2(t)#  it  is  pcssihle  tc  ouaerically  calculate 


the  integral  of  right  side  (8.109)  and  to  calculate  derivation 


ECC  * 78107112 


EAGI  -*r 


7o?- 


let  as  consider  the  attenuati.cn  c£  rotation.  Decrease  of  the 
angular  rate  of  rotation  cf  projectile  relative  to  longitudinal  axis 
in  the  process  free  flight  is  explained  on  the  action  of  the 
torgue/nonent  of  surfice  friction  (2.113). 


Face  354. 


The  nost  widely  known  fcraulas,  which  deteraine  the  angular  velccity 
of  the  projectile  in  the  process  cf  aotion#  they  are:  fornula  Boggla 


(8.110) 

■here  w0  - initial  angular  velocity  cf  projectile:  e - Naperian  base; 

v - length  of  projectile  in  lores;  d - bore;  C - axial  nonent  of 
the  Inertia  of  projectile;  t - nissile  flight  tine,  and  I.  A. 
£lezkin*s  theoretical  fcriula 


-0.5W 


(8.  Ill) 


where#  besides  designations  indicated  above#  1 - length  of  projectile 
and  v - velocity  of  the  center  of  aass. 

Beth  fornulas  can  be  given  to  the  fora: 

(8.112) 

m 
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where  k - the  calculated  cr  experimental  coefficient,  which 
corresponds  to  the  selected  co rcrete/speci f ic/actual  projectile. 
Since  tke  initial  angular  rate  cf  rctation  w0=r<,  by  us  is  already 
taken  into  account  in  (6.1C5),  the  attenuation  cf  rotation  let  us 
consider  by  introduction  into  the  right  side  of  factor  e~kl.  Then 


2 


\ udt  \ — 
i ' K 


-%( 


* 

vi 


dt. 


18.  113) 


The  obtained  fcraula  cen  be  given  to  a simpler  fora.  Taking  into 
acccunt  attenuation  for  lateral  force,  it  is  possible  to  accept  the 
dependence 


Hi  — 


2 nC 


L KN  Ui 




' hi  K 


• e~ 


M 


(8.114) 


Ocapiling  an  eguaticr  cf  yawing  action  alcjg  type  (8.  106)  and 
designating  constants  tbreugh  E,  we  will  obtain 

<‘»5> 


fcllowing  v.  M.  Pershir,  after  a scries  cf  siaplifications  in 
the  process  of  double  integration,  it  is  possible  to  obtain 


(8. 116) 


The  variable  coefficients,  ccrfrcnting  the  integral  in  (8.116), 


have  naaes,  detecsined  by  tteir  physical  ccitert 
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The  coefficient  of  the  derivation 

4 0 * * Um  L* 

(jjT")  - average  value  of  relation  fox  the  interval  of 


(8. 117) 


where 

integration. 


Fage  355. 


Calculation  is  simplified  during  the  application/use  of  special 
tables  for  an  integral  and  coefficients  kx  and  k2. 

The  calculation  of  the  derivation  of  the  spin-stabilized 
aizsiles  on  the  passive  section  of  the  trajectory  can  be  carried  out 
cacently  by  the  described  rethed.  After  initial  velocity  v0r  the 
angle  cf  departure  fl0  and  initial  angular  rate  of  rotation  r0=w0 


trajectory 

I* 

• J (l  -to'). 

(8.  118; 

Of  the  rotation 

I 

far*  2 2\ 

\ W kt  )' 

1 

(8.119  ; 

1 

should  take  the  values  cf  these  quantities  at  the  end  of  powered 
flight  trajectory.  For  short  powered  flight  trajectories/  the 
derivation  is  insignificant  and  can  he  disregarded.  If  necessary  for 
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calculation  into  the  right  side  of  eguaticc  (8.103)  one  should 
introduce  tern,  that  considers  thrust. 


$5.  Conditions  of  the  stable  flight  cf  the  enguided  specific  rockets 
and  of  projectiles. 


Vbe  finned  unguided  projectiles  cf  constant  and  variable  aass 
(nine,  aircraft  bosh,  rocket,  etc.)  fer  presiding  the  angular 
stabilization  oust  possess  the  necessary  stead j-state  stability 
factor,  deterained  by  dependence  (£.2).  During  the  solution  of 
twc-diaensional  problen,  tte  saxiaua  angle  cf  deflection  of  the 
longitudinal  axis  of  the  fin-stabilized  projectile  fron  the  velocity 
vector  of  the  center  of  aass  can  be  deteraired  iron  fornula  (8.7). 

The  stable  flight  cf  the  fir-stabilized  projectile  with  the  saallest 
passible  fer  given  construction  scatter  of  pcirts  of  an 
iqcidence/drop  is  assured  vten  the  laxiaua  aaplitude  of  angle, 
deterained  (8.7),  will  net  be  it  exceeds  certain  assigned  sagnitude. 
It  is  necessary  to  keep  in  aind  that  dependence  (8.7)  is  obtained  for 
a planar  trajectory  with  essential  assuxpticns.  By  works  of  V.  S. 
Pugachev,  V.  D.  Kirichenko  and  other  authors  is  shown,  that  the 
fin-stabilized  projectiles  ccapletc  three— disecsional/space 
oscillations.  Of  finned  tc  introduce  essential  features  into  the 
character  of  their  noticn  relative  tc  the  center  of  nass.  Therefore 
let  us  exasine  separately  tie  acticn  cf  the  fir-stabilized 


5.1.  (lotion  of  the  f in-stat ilized  projectile  of  constant  aass 
relative  to  the  center  cf  aass. 


1 he  characteristics  of  the  forward  aoticn  cf  the  center  of  aass 
let  us  assoie  known.  Fees  tie  acting  factors  let  us  consider 
stabilizing  and  clasping  tor que/noaents.  The  position  of  longitudinal 
axis  let  us  deteraine  by  tve  angles  6t  ai)d  t2  (Fig.  8.21).  The 
positicn  of  the  velocity  vector  of  the  center  cf  aass  let  us 
deteraine  by  angle  8.  Figures  8.21  depicts  else  angular  velocity 

• * a 

vectors  9 , 6l0  62  and  tie  vectcr  cf  statiliaing  aoaent  n.  Let  us 
coaprise  differential  eguatiens  in  the  fori  of  the  equations  of 
Lagraage. 


The  vector  of  instantaneous  angular  rate  cf  rotation  is 
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• ■ < 

Since  the  senses  of  the  vector  angular  velocities  6a,  62  and  e the 
saae  as  in  Fig.  8.13,  tie  expression  for  kiietic  rotational  energy 
let  us  urite,  after  using  (6.44),  after  asstaicg  in  it  a=0 

r-j-  +|»+«,fl+ 

o-cii, (8. 120) 

Let  us  bear  in  aind,  tlat  here,  just  as  during  obtaining  (8.««), 
accepted  with  the  saallness  of  angle  £ that  sir  6x6  and  cos  6*1. 
laking  into  account  the  considerable  area  cl  tie  tail  assembly  of  the 
unrotated  unguided  projectiles,  besides  stalilizing  aoaent,  it  is 
necessary  to  take  into  attertion  even  caapirg  acaent.  Stabilizing 
Boaent  is  equal  to 

(8.121) 

Baaping  aoaent  - 

B-  —qvSPcdQ.  (8. 122) 

Generalized  forces  in  the  case  in  guesticc  mill  be  the 

prcjecticqs  of  vectors  K and  D on  the  directions  of  angular  rates  of 
• # 

rotation  6a  and  6t. 

•or  the  stabilizing  acaent 


Qx*,— M »ln  vcosk,;  Mcosv. 


(8. 123) 
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Fig.  8.21.  Scheaatic  of  coordinates  and  angles,  which  deteraine  the 
position  of  the  longitudinal  axis  cf  tie  fit-stabilized  projectile. 

Page  857. 

Igualizing  cos  62=1,  4 * = d sin  v,  lg-4  com  v,  we  can  write 

Qm.  --SZsiclb  h Qm=-  & StrlS.  & 

the  daaping  aoaent  decreases  angular  flutter  speed  of  the 
fin-stabilized  projectile,  its  projections  cn  the  axis  of  eleacntary 
rotation  will  be  proportional  to  the  projection  of  the  angular 
velocity  of  rotary  aoticn  or  the  appropriate  axes 
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Per  the  coapilation  cf  equation  for  generalized  coordinate  6lr 
we  differentiate  (8.120)  cn  £ t and  £t.  The  conducted  investigations 
fet  ain  of  usual  fora  shoved  that  in  eguaticn  (£.120)  second  tera  of 
right  side  ccaprises  net  more  than  Ic/c  of  the  first  and  it 
subsequently  can  be  disregarded.  Then 

r“y  |*r  H*-r«i  l*J.  18.  126) 

After  differentiation  »e  will  obtain 


I?;-0'  tH8- 


let  us  introduce  the  designations 


r_vS/em. 

°~  2 A ’ ' A 


After  substitution  in  (1.33),  let  us  keve 


(8.  127) 


«j  + ^ + 0^=0.  (8.1281 

bet  us  ccaprise  eguaticn  fee  generalized  coordinate  6 2.  He 
differentiate  (8.126)  or  t2  and  d2 

N 

Substituting  the  results  cf  differentiation  and  expression  for 


the  generalized  forces,  which  act  with  respect  tc  coordinate  62,  in 
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(1.33) , after  conversion  we  Mill  obtain 

— s— p®#. 

Equations  (8.128)  and  (8.129)  include 
without  supplementary  simplifications  are 

let  us  give  analytical  solution,  a it  e 
assumptions,  equation  (8.129)  is  a ncnhcmc 
equation  with  variable  coefficients. 

Eage  358. 

The  form  of  equation  shcus  that  in  vertica 
oscillations  nims  are  placed  cn  forced  esc 
the  eight  side  of  equation  (8.129).  Ecr  th 
us  find  8 and  8.  During  the  definiticn  cf 
possible  to  consider  the  fir-stabilized  pi 
then  8 is  determined  by  the  second  equatio 
by  dependence  (8.57). 

large  interest  represents  the  case  of 
tail  assembly,  when  during  deter aicaticr  8 
consider  bouyancy  effect  Y.  Fcr  the  half-s 
fer  example,  it  is  possible  to  write 


(8. 129) 

variable  coefficients  and 
sclvec  only  numerically. 

r specifying  the  necessary 
cenecus  linear  second  order 


1 plane  the  free 
illaticns,  determined  by 
e solution  of  equation,  let 
these  values,  it  is 
erectile  as  material  point, 

nr 

r of  system  (5.3),  and  8 - 

the  structurally  developed 
and  6 it  is  necessary  to 
peed  system  of  coordinates. 


78107112 


EKE 
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. ^ r 


(8. 130  > 


[see,  for  eieaple,  equaticr  (3.6)  %ith  F=0  and  yp-0]. 
Here  >*->*•  o 

transfec/converting  tc  angle  S2,  *e  will  cttain 


fCM* 


(8. 131  \ 


■here  v=-*-  --  cl> 
r <?  2 "*  • 


Differentiating  (8.131),  let  cs  have 


« r lin  I:  , f cos  (*,.*,  s 
e-S_— 8-rt_-  v -^v-i-yv^. 


(8.  1321 


Since  v and,  consequently , also  v,  defend  cn  aerodynamic  forces, 
the,  obviously,  further  analytical  sclutior  is  feasible  only  during 
introduction  for  the  ait  resistance  cf  analytical  dependence.  Let  us 
assune  that 


i>~  —b& — g sin  8, 


(8. 133) 


ahere  for  the  relatively  shert  trajectory  phase  it  is  possible  to 


count 
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► 

t 


! 


i 


r„(M,  Re)— court. 

After  substitution  (8.131)  and  (8.133)  in  (8.129)  let  us  have 

_*,*,)  — tSi  (2g  tin  •+**).  (8. 134) 

Stilizing  (8.131)  and  (6.134)  , let  us  fcrite  expression  for  the 
right  side  of  equation  (6.129) 

).  (8.185) 


— Qvt»^y(d  — Yt*t+^cosl  3^"* 


Page  359. 


After  substituting  (6.135)  intc  eguaticn  (6.129),  after 
coqtersions  mc  will  obtain: 

•t+(?+V)«^-r|«— Vtft  — »1  t-H, * a cos  6 ( 3 4-  b -f  2#  ■ *j"  - ) • 

,8-  136) 

tern  y(b-p)  dees  net  exceed  lo/o  cf  a and  it  it  is  possible  not 
tc  consider;  then 


^-(.*4-Y)t*»~at«J=*:cos B {8. 137> 


thus,  the  spatial  notion  of  the  f in-stabilized  projectile  cf 
cotstant  nass  is  described  by  two  differential  equations  - (6.126) 
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aqd  (€.137).  Since  the  cross  aerodynaaic  anc  inertial  couplings  by  us 
were  net  considered  that  eguations  (€.128)  end  (8.137)  were  not 
connected  and  can  be  solved  separately.  Recall  that  with  variable 
ccefficients  with  the  ainiaus  ruwter  cl  assuaptiens  equation  (8.137) 
is  solved  only  numerically. 

the  analytical  solution  cl  no nhcncgenecus  linear  differential 
equation  (8.137)  vith  constant  ccefficients  is  equal  to  the  sun  of 
solutions  - general  solution  of  the  hoacgenecus  equations  (without 
right  side)  and  of  the  particular  solution  of  ccnplete  equation,  let 
ue  accept  for  the  analytical  scluticr  v=cc rit,  c«(M,  Re) -const. 

/•*«.— const,  const,  cD==const.  It  is  okviona,  for  providing 

sufficient  accuracy  of  practical  solution,  it  is  necessary  the 
nunerical  values  of  the  naaed  quantities  tc  determine  for  the 
separate  snail  trajectory  phases. 

Hcaogeneous  differential  equations  - (€.126)  and  (8.137) 

(written  without  right  side),  take  the  forn  of  equation  (8.40). 

Vcr  equation  (8.126)  ik^fv,  n*t=ova; 

for  equation  (8.137) 


2**v(0+y)p;  «I-op*. 
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If  tie  consider  side  component  aercdynaiic  drag,  then  the 
equation  of  the  transverse  cscillaticns  of  line  it  will  take  the 
fora,  siiilar  to  eguaticn  (8.137) 


»i+(P+Y)t*,+«*i-0;  (8-138) 


then  in  both  cases 


•and 

2*“(?+y)«  X *s~ot^- 


V 


| 

I 


the  relatively  weak  cscillati.cn  daipipc  the  unguided 
fin-stabilized  projectiles  in  air  eediui  alicst  always  leads  tc  case 
t*-k*>0. 


Page  360. 

Then  the  solution  of  eguatiens  (8.128)>  (8.138)  will  take  the  fora  of 
scloticn  (8.41) 

* Sin  (-|-V'4e-(J»+YP*  + «i)s.  (8.139) 

_(£+T2*f  _____  \ 1 1 

»,“V  ’ sin  v 4o  — (?J-Yf^+»*j  • (8.140)  j 

In  the  general  case  under  iritial  conditions  £lc¥0,  62O*0,  6,„yo,  j ] 


4*0^0#  we  will  obtain  following  dependences  for  deterninat ion  of  the 
■aliens  amplitudes: 
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(8.  u n 

(8. 142) 


Phase  shifts  ace  determined  fcca  the  fcciulas 


.,-bc.k  .!<F-r±r»*P  ■ 

2^10  + 0+7)  *'*io 

(8. 143) 

«t=»arctg  y.^=lAI>L. 

2k»  + 0 + 7)  0*20 

(8. 144) 

In  the  particular  case,  with  6l0*C;  62c /0;  At(t*6<a*0# 


we  will 


chtaia 


i4x> 


*» 


But  if  4««*6*o~0>  <2o^f  then 


In  the  general  case  the  total  angle 


•-KfTT- 
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•— j-V««-(P+Yf. 

Eage  861. 

Angle,  which  deteciines  the  pcsiticq  cl  instantaneous  plane  of 
vikraticn 

A{  | + + *i) 

v»«arctg  — = arctg — L. 

**  Ai  *'n  (~  1 «“-<>  + + 

let  us  detersine  fees  curved,  ty  the  described  longitudinal  axis 
cf  the  fin-stabilized  projectile,  cc  isage  plane  of  unit  radius  in 
coordinates  6 , and  fi2.  In  equations  (8.139)  and  (d.  140)  second  teras 
cf  radicaqds  considerably  less  the  first  arc  for  simplicity  of  the 
writing  of  formulas  and  calculations  can  be  lowered.  Also  we  will  not 

_ (l-MIrt 

ccssidec  identical  factcrs  t~  1 ( which  characterize  daaping 

cscillatic ns.  Taking  into  account  the  nade  observations  of  equation 
(8.139)  and  (8.140)  they  cat  be  converted  thus: 

-^-=»sin  v ]/~at  cos*,  -(-cos  v J at  sin  *,;  (8.  146) 

^-»=sin  v V o/cos*,-f  cost?V at  sin  (8. 147) 

let  us  aultiply  (8.146)  cn  sine*.  («•  147)  - on  star,  and  let  us 
deduct  fron  the  first  eguation  the  seccnd.  Jfter  this  we  will  obtain 

■jj-  sin  h.  Sin  *,  * sin  v y'it  sin  (*, — *, ). 


(8. 148) 
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further  (8.146)  let  vs  Multiply  cf  coast,  (••147)  - on  cos  e( , 

let  us  deduct  fros  the  first  equation  the  second  and  we  will  obtain: 

cost,— cq»»,— co»t>  /•/ tin  («,-«,)— 

^1  Ai 

« — cos  v /af ala  (»,—«,).  (8-  M®) 

Let  us  square  of  equation  (8.  146)  and  (8.149)  and  it  is  added 
thei,  after  which  let  cs  hate 

7r+-jr--^-co*(«i-h),“*in,m-*»l  (S.  150) 

Aj  A lAt 

The  obtained  equation  is  an  equation  cl  ellipse.  Osiqg  (8.139) 
and  (8.140),  it  is  possible  to  construct  curve,  described  by  the 
longitudinal  axis  cf  the  f i r-stat ilize d projectile  on  iaage  plane  in 
coordinates  6a  and  62.  Curve  will  take  the  fori,  presented  in  Fig. 
8.22. 

the  aaxiaua  aaplitudes  At  and  k2  are  deteriined  by  the 
aerodynaaic  diagran  of  the  fin-stabilized  projectile,  by  its 
size/dinensio|ts  and  initial  conditions.  Frequently  the  Baxinun  values 
Aa  and  A2  are  selected  as  tie  criteria  cf  the  stable  flight  of  the 
fin-stabilized  projectile  on  the  initial  trajectory  phase. 

Face  362. 

Their  value  east  aot  exceed  the  saxiiuB  permissible  values  of  angles 
6imi  aa4  establish/installed  froi  knows,  good  itself 
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reccaaended  speciaen/saxples. 

Vcr  the  newly  design/projected  fin-sta  l il  ized  projectiles  is 
necessary  the  observance  of  the  condition* 

^1  ^ (8.  151 1 

These  inequalities  are  called  cf  the  ccnditions  of  the 
lifitedness  of  aaplitude  cn  the  initial  trajectory  phase. 

the  oscillation  of  the  longitudinal  axis  cf  the  fin-stabilized 

projectile  cn  the  curvilinear  trajectory  phase  occurs  relative  to  the 

dynasic  axis  of  equilibriua  whose  pcsitior  can  he  deterained  the 

particular  solution  of  equation  (8.137).  By  the  nuaerical  solutions 

it  is  shown  that  in  the  majority  cf  the  cases  in  (8.137)  it  is 

• • • 

possible  to  accept  6Z=0  and  62  = 0.  3hen  frox  (8.137)  we  obtain  the 
particular  solution,  which  deteraines  the  argle  cf  the  dynaaic 
eqail jhciui 

The  oscillatory  action  of  the  longitudinal  axis  of  the 
f in-stabilized  projectile  (with  angle  62)  is  realized  relative  to  the 
axis  dynaaic  equilibriua  whose  position  relative  to  velocity  vector 
v#  in  turi),  is  deterained  by  angle  d*. 
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On  the  initial  trajectory  phase,  eagle  dtp  ia  close  to  zero. 
Great  value  eagle  A*  nil!  have  ic  apex/vertex  area  o£  high-angle 
taject cries,  however,  as  a rule,  and  tiers  it  is  saall.  Therefore  the 
f in-stabilized  projectile  vlcse  aaaiiua  amplitudes  on  angles  6t  and 
6g  ansaer  conditions  (£.151),  Mill  te  stalls  also  on  the  initial 
trajeatory  phase  and  in  its  apex/vertex. 


In  the  study  of  the  prcbleas  cf  tie  stsbility  of  the  real 
spcciaen/saaples  of  the  fin-stabilized  projectiles,  it  is  necessary 
tc  keep  iq  aind,  that  even  so  their  lev  asyanetty,  caused  by 
technological  errors,  can  lsad  to  the  resocence  increase  of  the 
angles  cf  attack  and  slip.  In  connection  with  this  statically  stable 
projectile,  in  the  presence  even  cf  1cm  asymetxy,  can  render/show 
virtually  unstable.  For  the  study  cf  this  guesticn,  one  should  turn 
tc  periodic  publications  and  ncncgiaphic  literature,  see,  for 
exanple,  [ 7 ]. 
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Fig.  8.22.  Graph/diagraa  ci  dependence  e2»f|6t)  for  the 
f ip-stabilized  projectile. 

Fage  <363. 

5.2.  lateral  aotion  of  the  tin-statilized  piojcctiles  of  variable 

aaas. 


let  us  exaaine  the  yawing  aoticn  cf  the  finned  unguided  rockets 
ca  poaered  flight  trajcctccy.  Accepting,  that  fer  siailar  rockets 
aexcdynaaic  drag  R<<P  and  gravitational  force  tie  yawing  aotion 
affect  weakly,  during  the  ccapilaticn  cf  egeatiens  cf  aotion,  let  ua 
consider  only  thrust  P,  the  aercdycaaic  stalilising  noaent  - mVi  »ni 
the  aeaent  of  throat  Aft deteraiced  ty  its  eccentricity  e: 

Mr  ,1-Pe, 

in  this  case  we  consider  that  tcrgue/acaeat  Mrv,  acts  only  in 


the  plane  of  yawing  aoticn.  (The  factors  indicated  la  assaace 
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determine  scattering  trajectories  are  unguiced  rcckets  in  side 
direction  [ 13  ])  . 

Icr  determining  the  position  of  tie  axis  cf  rocket  and  velocity 
vnctoc  the  center  of  ease  ir  the  plane  cf  xctic*,  let  us  introduce 
angles  H'*,  *a  and  6 (Fig.  £.23}. 


lhe  systen  of  differential  eqcaticcs,  ihich  describes  the  notion 
cf  the  rocket  with  the  adopted  assumptions,  takes  the  following  form: 

m~^Pcosii  mv^-=  P sin  *; 
dt  dt 

d*  (®-  >53) 

Cn  the  saallness  of  angle  6,  let  us  replace  sir  6»6  and  cos  5*1, 
after  uhich  will  rewrite  last/latter  systei  that: 

— = — ; *««_.£.  * ) 
dt  m dt  m I 


ta-T.+l 

ll 


(8.  154) 


If#  following  work  [ 13]#  to  designate  »k*v*6,  to  present 

v6*u  and  as  argument  to  select  path  cf  a,  tten  system  of  equations 
(8.154)  can  be  brought  to  ere  eguaticn 


(8. 155) 


this  equation  is  integrated  bj  veil  kjjcwr  method  under  the 


Fig.  8.23.  Schematic  of  the  angles,  vbich  determine  the  position  of 
longitudinal  axis  and  velocity  vectcr  the  center  of  nass  of  rocket  in 
the  plane  cf  notion. 


Key:  (1).  Direction  of  the  axis  of  launcher.  (2).  Trajectory  of 
center  of  nass. 
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Jt  is  obvious*  with  fixed  launch  vehicle  at  zero  tiae 


«*=  c,*s= 


(8. 156  s 


Furthermore,  from  the  first,  seccnc  and  fourth  equations  of 
systea  (8.154)  it  is  possible  obtain 

dt  da' 


whence  for  initial  conditicrs  one  should 


«0,  1*«*‘ 


(8.  157) 


the  general  scluticn  cf  differential  equation  (8.155)  takes  the 


fori 


«==«0cos*(i--,s#)4--2*8jn*(#_s#)  + , 

+±fSin*,,-',-£gL,,.  ■ (8. 158) 


Beflacing  respectively  u„  and  a^,  we  will  ettain  comprising  of  the 
ccaplete  value  of  variable  u=vi 
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« Csin*;s— s)  (0)  dr, 

i.  *■ 

8 ♦*0=^*0».  cos  *(*-»,); 

“So  = sin  k(s-s0). 


(8. 159) 


Rfter  replacement  the  complete  value  of  u can  be  written  thus: 


(8. 160) 


Eespectively  let  ns  have 


v *»0  X)  T*0 


B»=—  , 


(8-  161) 


for  determining  the  angle  Va  me  take  the  second  equation  of 
system  (£.  153)  let  us  pass  tc  independent  ly  the  variable  s 


rfV,  Pi 
dS  mo  J ' 


(8.  162) 


Integrating,  we  will  obtain 


* J MV S 


(8. 163) 


Face  365. 


It  we  assume  the  absence  of  iritial  angular  disturbances,  i.e., 
$*o*0  and  tfao-0,  then  cf  (8.159)  and  (8.161)  we  can  write 


1 r Af.  „ (o) 

8 = 8 f sin  — s) - (h. 


(8.  164' 
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Eetween  these  functions  ttere  is  fcllcwinc 

cciiuoic at ion/conn sctic c ; 

* / 

-\J  mCwT,;  S(z)=-£- fli  (OdV  t»- 171\ 

2 — f 2 ,!  f 


functions  C(2|.  Su).  A u)  y as  is  known,  see  tabulated.  Through 

the  tabulated  functions  tie  angle  t is  deteiaircd  as  follows: 

8=|  /T^|ff!C,","C,M"Tf(5(z,"S(z-),i  ’ 

- (8.  172) 


* “ l ^ > |C ' jr  — C ( — y i i*)[Siz|— S(*#)|t.  (8.173) 
*,  1 s ~ r / 


Fcr  deteraining  the  ancle  4ra  it  is  accessary  to  express  first 
$a  through  the  tabulated  functions,  and  then  tc  take  the  difference 


T.-t.-*. 


(8.  174) 


Quitting  fairly  coaplicated  detailed  ccnclusion/derivation,  let 
us  give  here  final  fotsolas  for  angles  tn  and  Va  [13] 

||C,z)-C(z.)]HlS(z)-S(*,)J«}.  (8. 175) 

Utilizing  (8.173)  and  (8.175),  we  will  obtain 

r,-£*L[<c,\)V  (z)c;.Ty_,  i*i  s,.\,  (8.  i76> 


i 
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The  determination  cf  angles  A.  anc  *Pa  according  to  the 

given  formulas  is  conducted  with  the  aid  of  the  tables  of  the  Bessel 
functions  J i(z)H J \(z)  aod  cf  Fresnel's  integrals  C(z)  and  S(z),  as  the 
entry  into  which  serves  argument  z=ks.  The  tables  of  the  named 
functions  are  placed  in  werk  [ 13]. 

Equations  (8.173)  and  (8.176)  can  Le  written  in  abbreviated 

fora: 

8=e8*(s»  oni  v^er^s), 

where  the  functions  A*(s)  and  V*is)  correspond  tc  eccentricity 
e=  1. 

Typical  plotted  function  A*(s)  and  V*(s)  is  given  to  Fig.  ' 

8. 24.  The  initial  part  of  the  active  sootier,  cy  which  occurs  the 
grewth/build-up  of  angle  V*  calls  the  critical  trajectory  phase.  The 
length  of  the  critical  trajectory  phase  is  equal  to  the  length  of  the 
first  half~pericd  of  the  flcctuaticn  cf  angle  6 on  path  of  s. 


Page  867. 


I 
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At  the  end  of  the  critical  trajectcry  phase,  the  angle  6 the  first 
tiie  after  start  tarns  intc  zeic.  After  the  critical  trajectory 
phases  the  angle  ^ retains  approxiaately  constant  value. 


the  given  by  us  exaaination  tears  qualitative  character,  since 
are  net  considered  all  fences,  which  act  cc  rocket  in  the  period  of 
its  action  on  powered  flight  trajectory.  The  account  of  drag, 
hoisting  and  lateral  aezcdynaaic  forces  will  ctange  the  quantitative 
value  of  functions  6(s)  and  'Pa(s),  however,  the  general  view  of 
these  functions,  presented  in  Fig.  8.24,  will  te  preserved. 


the  solution  of  the  preblea  in  question  in  aore  coaplete 
setting,  upon  considerat icn  of  all  acting  fcrccs,  will  coae  to  the 
nuaerical  solution  of  systea  of  eguatiers  (3.44).  in  the  right  sides 
cf  three  last/latter  equations  of  this  systea,  aust  be  introduced  the 
pre jectiona  of  the  aoaent  of  thrust,  dctersincc  by  its  eccentricity, 
and  the  daaping  aoaents.  It  the  first  three  egsations  of  systea 
(3.44)  of  the  projection  cf  force  vector  oi  thrust  P,,,  P,,  and  Pt, 
they  acat  consider  aisalignaent  of  the  line  of  its  action  and 
eccentricity.  The  nuaerical  scluticn  cf  systea  (3.44)  with  the  use  of 
the  ais8ing  equations  frea  systea  (3.26)  is  possible  only  during  use 
cf  ETaVfl  [digital  coaputer].  Depending  cn  tie  fcraulation  of  the 
preblea,  systea  (3.44)  can  be  simplified. 


•asaseiiai 
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Chapter  IX. 


f L1GH1  CCNTBCl  OF  BCCKE1S  All  CF  EIGJECTIilf. 


“the  systea  of  steering  of  flight  vehicle  in  flight  is  the 
coatiaation  of  the  devices*  which  ensure  the  displacement/aoveaent  of 
the  cecter  of  aass  of  rocket  in  space  ever  the  specific  law.  The  law 
cf  notion  is  set  either  previously  - ty  flight  program*  or  it  is 
fera/shaped  in  the  process  cf  flight  with  induction  to  tar get/purpese 
depending  cn  the  characteristics  cf  relative  action  of  target/puepose 
and  rocket.  And  in  both  cases  steering  the  center  of  mass  is  realized 
by  the  appropriate  chance  it  nccial  and  forces  cf  periphery.  During 
the  soluticn  of  ballistic  pretleas,  is  usually  examined  only  the 
aechaoisa  of  the  action  of  control  fcrces  cr  the  notion  of  rocket 
relative  to  the  center  cf  less  ard  acticq  alcmg  trajectory  without 
the  study  of  the  aethods  of  designing  of  these  forces. 


The  aethods  of  producing  ccntrcl  fcrces  and  the  instrument 
realitation  of  the  ccntrcl  systea  are  eiaaiccd  in  special  courses. 
Determining  the  notion  characteristics  cf  grided  missiles  with 
guidance  to  moving  target/prrpcses  is  giver  in  chapter  IV  and  Section 
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3.4  chapters  VII.  Let  us  here  examine  tie  flight  control  cf  the 
rockets  of  class  "surface  - surface"  ard  recge  control  of  the  firing 
the  projectiles  of  the  constant  iass  of  terrestrial  artillery. 

§1.  Change  in  the  firing  distance  the  artillery  shells  of  constant 
■ass  and  by  the  unguidec  rockets. 

Buring  the  trajectory  calculation  cf  tie  action  of  artillery 
shells  and  unguided  rockets,  the  initial  ccrditicns  cf  free  flight 
dcteraine  appropriate  tie  trajectory  cf  the  cecter  of  aass  and  aotion 
characteristic.  In  accordance  aith  aaterials  chapter  V the  flying 
range  cf  the  projectile  cf  constant  aass  is  deterained  by  the 
parameters  60f  v0  and  c.  Changing  each  cf  tlea,  it  is  possible  to 
ccjtrcl/guide  firing  distance.  Initial  velocity  v0  and  the  angle  of 
departure  60  uniquely  deterrine  trajectory  vitfc  the  assigned 
ballistic  coefficient  of  c. 


Page  369. 


Changing  ballistic  coefficient  because  cf  a change  in  the  aerodynamic 
shape  cf  projectile  by  the  installation  of  panels,  brake  flaps  or 
digs*  it  is  possible  tc  regulate  firing  distance.  The  complexities 
of  stcactural/design  foxiulaticn  liait  the  epplicability  of  this 
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Id  nultiply-c barged  artillery  pieces  (howitzers,  sorters, 
ecttars)  with  firing  at  different  chargee  (i.e.  with  different  v0) 
and  the  identical  angle  of  departure  9C  of  cistance  they  change  eith 
juap  doting  transf er/tr ansition  frea  epe  ebeege  to  the  next  (Pig. 

S;  1) . At  the  constant  initial  velocity,  which  ccrrespoads  to  one  of 
the  charges,  the  firing  distance  changes  svccthly  because  of  a 
gradual  change  in  the  acgle  of  departure  6e  (Pig.  9.2).  The 
ccebination  of  both  aethods  provides  tfcc  ccrtissity  of  a change  of 
the  distance  in  the  assignee  range  free  *c»*>  to  *CMi  This  is 
achieved  by  the  selecticn  of  the  necessary  rasher  of  charges  and  by 
certain  overlap  of  distances  during  transfer/transition  fron  one 
charge  to  the  next.  Oepcndirg  on  the  type  cl  artillery  piece,  the 
nnnber  of  charges  changes  fron  2 tc  12; 

Ocnplete  nissile-f irinc  distance  is  ccipoacd  of  the  distance, 
which  corresponds  to  the  pewered  flight  trajectory,  and  the  distance 
cf  power-off  flight.  Alvcst  always  the  rockets  cf  class  have  "surface 
- surface"  inactive  leg  considerably  greater  than  active  and  in 
essence  daternines  complete  firing  distance.  Per  the  assigned  rccket 
cr  its  nose  section,  the  distance,  which  corresponds  to  inactive  leg, 
depends  on  the  paraaeterc  of  trajectcry  at  the  end  of  the  active 
section.  If  we  do  not  ccnsider  the  possibility  cf  changing  the 
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ballistic  coefficient  cf  iccket  cn  passive  section,  than  t he  factors, 
which  estimate  distance  of  firing,  will  be:  velocity  vK.  angle  6« 
and  coordinates  xK  and  yK- 

figures  9.3  shows  a cbenge  in  the  firing  distance  during  change 
tv  at  the  end  of  the  active  secticr.  Figures  S.4  gives  the 
trajectories  of  the  notion  cf  rocket  tc  the  passive  phase  of  flight 
iq  the  case  of  changing  cnly  angle  cf  the  slope  of  velocity  vector  at 
the  end  of  the  active  section  8K  tc  tie  hexizen. 

Figures  9.5  and  9.6  shews  the  trajectories  of  the  notion  of  the 
rocket  during  a change  of  the  coordinates  xK  and  y*  at  the  end  of 
peyered  flight  trajectory.  a change  in  the  firing  distance  during 
change  and  yK  insignificantly  hears  the  character  of  the 
correction  (see  Chapter  XI).  It  is  sufficiectl)  effectively  it  is 
possible  to  control/guide  distance,  only  changing  velocity  vector  in 
acdule/nodulns  and  directicr. 


% i.i.  n's-  9 


Pig.  9.1.  Trajectories  of  an  artillery  shell  during  firing  with 
various  initial  velocities  and  a constant  angle  of  departure. 

Pig.  9.2.  Trajectories  of  an  artillery  shell  during  firing  with 
various  angles  of  departure  and  a constant  initial  velocity. 
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Fig.  9.3.  Missile  trajectories  at  different  velocities  at  the  end  of 
engine  operation. 


Fig.  <9.4.  Missile  trajectories  during  chance  of  flight  path  angle  at 
the  end  cf  engine  cperaticr. 


r&  95. 


F/'s-  I Ip. 


Fig.  a. 5.  Missile  trajectories  durirg  change  ir  ordinate  of  cutoff 
point. 


Fig.  8.6.  Missile  trajectories  during  change  in  abscissa  of  cutoff 
point. 


Page  371. 


§2.  Change  in  the  firing  distance  with  the  autonomous  Method  of 

a 

rocket  control.  A change  in  the  distance  cf  the  guided  Missiles 

of  class  "surface,  surface,"  can  be  realized  changing  the  paraneters 


I ' 


l->  I 
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cf  aoticn  at  the  end  of  pcwered  flight  trajectory  and  by  rocket 
ccntrcl  in  an  entice  trajectory,  ircluding  active  and  passive 
sections.  In  the  first  case  of  the  characteristic  of  powered  flight, 
they  are  designed  sc  as  tc  ensure  the  icst  advantageous  (for  a 
specific  prcblen)  flight  cctditions  cn  inactive  leg.  Considering  that 
the  cpaplete  distance  is  deterainec  ty  inactive  leg,  it  is  possible 
tc  write  the  functicnal  dependence 

L = f(  vu,  8,.  r„,  i/„  xK,  a„  (9.  \) 

where,  besides  known  values,  cn  - a ballistic  coefficient  cn 
inactive  leg; 

a,‘ - secondary  factors,  which  estimate  distance  (tc  the* 
can  be  attributed,  for  example,  change  in  tie  characteristics  of  the 
state  of  the  ataosplere). 

Ccntrol  of  all  factors,  which  affect  tie  distance,  or  at  least 
their  account  in  the  process  of  flight,  is  the  problea  whose  solution 
is  con jugate/coabined  with  creat  difficulties.  However,  this  and  not 
is  always  necessary.  For  exeaple,  cf  lccg  ranee  ballistic  aissiles 
the  large  part  of  the  trajectory  passes  in  tie  rarefied  layers  cf  the 
ataosghere;  therefore  tie  eifcct  oi  weatbei  factors  proves  to  be 
icsigaif leant  and  it  is  possible  net  tc  consider  then,  of  the  rockets 
the  firing  distance  of  which  is  relatively  stall  and  the  large  part 


! 
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cf  the  trajectory  passes  in  the  dense  layers  of  the  atmosphere,  the 
etiect  of  weather  factors  is  considered  by  the  introduction  of 
corrections  under  the  initial  conditions  of  firing.  Most  frequently 
the  range  control  realizes  ly  changing  the  parameters  of  the  notion 
cf  rocket  at  the  end  of  powered  flight  trajectory. 

Bor  obtaining  the  assigned  distance,  it  is  necessary  to  switch 
off  an  engine  of  rocket  at  the  ter gue/nenent  when  are  reached  the 
necessary  values  ■ rv,  8*.  y«  and  xK. 

tv,  8k.  and  xK-  - ratirg  values  at  the  end  or  the  active 
section,  which  deteraine  the  assigned  distance,  a tv  a.  6*.*  y«  a and  xK.„ 

- actual  values  of  these  parameters. 

Face  372. 

Socket  aust  be  equipped  with  equipment  which  would  nake  it 
possible  to  measure  during  flight  the  actual  values  of  all 
parameters,  estimating  distance,  and  tc  compare  then  with  calculated. 

Only  with  a strict  observance  cf  all  design  characteristics  of 
powered  flight  it  is  possible  tc  obtain  at  cne  and  the  same  moment  of 
time  the  equality 


v*  .=«v; 


«/.»=!/«• 


(9.2) 
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Apparently,  tc  attain  cesign  ccrditicrs  cf  the  notion  more 
easily  in  all  with  the  ccaaend  aetbcds  cf  ccntrcl  with  the  constant 
sighting  of  rocket  by  radio  aids*  similar  ccntrcl  systeas  can  be 
applied  in  the  rockets  cf  class  (surface  - air"  and  "air  - surface". 
However,  the  rockets  of  class  have  "surface  - surface”  these  aethods 
for  a nuaber  of  reasons  dc  cot  find  wide  application.  In  the 
autenoaous  systeas  cf  ccntrcl  which  widely  are  utilized  for  the 
rockets  cf  class  "surface  - surface",  a strict  cbservance  of  design 
conditions  of  notion  along  all  paraseters  represents  great 
difficulties  and,  therefore,  sc  is  difficult  tc  attain  the  observance 
cf  all  egualities  (9.2). 

Since  the  conplete  distance  depends  (ir  essence)  on  four 
paraaeters,  asserts  itself  thought,  that  deviation  cf  one  of  then 
frci  ccaputed  value  it  tculd  be  possible  tc  ccapensate  for  by  the 
appropriate  change  in  ether  paraaeters,  but,  sc  as  to  obtain 
calculated  firing  distance.  For  this,  it  is  necessary  during  flight 
the  real  distance,  defined  as  functicr  frci  the  coabination  of  the 
paraaeters  0fl,  xa  and  yt,  to  ccapare  froa  calculated.  In  this  case. 


besides  devices  for  aeasurirg  all  paraaeters  ir  the  process  of 
flight,  it  is  necessary  to  still  have  cn  beard  rocket  the  coaputing 
aeebaaisa  which  according  tc  the  ettained  irfeoatien  would  calculate 


J 
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the  effected  real  distance,  it  ccifaccd  it  itci  calculated  and 
supplied  the  appropriate  ccnand/crets  to  ccntrcls.  The  coordinates 
c£  position  cf  rocket  in  this  case  net  cbligatcrily  aust  be 
deterained  relative  to  the  Earth.  For  example,  in  the 
astronavigational  systei  of  ccntrcl  cf  the  coordinate  of  the  rocket 
they  are  determined  relative  tc  any  large  star. 


I n order  to  consider  elfect  cr  the  distance  of  each  of  the 
parameters,  it  is  necessary  to  determine  the  deviation  of  distance 
frea  the  calculated,  caused  by  the  deviaticr  of  each  of  the 
parameters  free  its  computed  value.  Let 


L=F(vu,  jc,,  pj.  (9.3) 

let  us  take  total  differential  free  this  function 

1941 

Page  373. 

Partial  derivatives  — , , -7^-,  dcteriine  a change  in  the 

aeK  djr,  dyK  * 

complete  distance  during  a change  cf  each  cf  the  paraaeters 
irdivjdually  to  infinitesiael  value. 


It  is  possible  with  certain  error  to  replace  infinitesimal 
values  final  and  to  accept  the  lircaz  depercence  of  a change  in  the 
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distance  on  a change  in  each  of  the  pazanetcci 


ffcen  fron  fonula  (9. U)  we  fird 


IL  = — K-1-—  M,-—  ,9-5' 

dv«  “ “ dx „ dyK 


let  us  designate 


dL  ..  dL 
’ H~  dtK 


^=^7’ 


and  represent  dev- A6K.  0A.h- and  6j/k  as  differences  between  the  calculated 

and  aatual  values  of  the  corresponding  parameters 

vk;  Mk=6,(f)— ®«5  lJcK=xt\t)  — xK; 

Then  fren  fornula  (9.5)  we  find 

6 L = I*.  K (')  - *J  + N l«.  (< ) - •«]  -f 

+ v-x  [x,  W - *«1  +i**  (v,  [t)  - jrJ.  ( 9. 6 > 

It  is  obvious  that  with  61=0  the  real  distance  coincides  with 

calculated;  in  this  case 

iv®. + + ivt, + w, = w*  (<) + 1*  A (< ) + 

+ !*»»■  (97> 

where  - the  tine,  which  coiresjcnds  to  the  cutoff  of  engine. 


fer  a concrete/specific/actual  rocket,  cn  the  basis  of  the 
assigned  distance,  can  he  calculated  the  left  side  of  equality  (9.7), 
which  is  called  linear  four-aeiteie d steerirg  function  or  linear 


j 
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fcur-nembered  functional.  Tie  aethcd  cf  ccrticl  in  question  requires 
■easurement  in  flight  ua(0.  MO.  *#(0.  y»(0.  the  calculation  of  the  right 
side  c f equality  (9.7)  and  cf  its  ccmparisct  with  the  preccsputed 
value  cf  steering  functicn. 

it  the  moment  of  the  crset  cf  equality  (9.7)  the  engine  of 
rccket  oust  be  switched  off.  Since  the  value  acd  the  sense  of  the 
vector  of  speed  at  the  cutoff  of  engine  car  be  determined  not  only 
through  v*  and  8*.  but  alsc  thioigb  the  projections  of  velocity 
vector  0«k  and  w,*  on  rectargular  cccrdinate  axes,  then  controlling 
functional  can  be  comprised,  on  the  basis  ci  the  functional 
dependence 

L^F(vxk,  v,„,  xk,  «/„).  (9.8) 


Page  374. 


}n  this  case  the  rccket  aust  he  equipped  by  the  instruments, 
which  neasure  vxi,vya,xA,yn. 


Ihe  cutoff  of  engine  when  '-Iks  will  be  determined  by  the 


equality 


r 
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dL 


dL 


dL 


dL 


+'dt;v’‘i‘)+'£;  x‘[l)+it >M 


(9.9) 


which,  transfer/converting  to  the  fees  cf  cesicrations,  taken  in 
(9.7)^  can  be  written  ir  tie  fen 

IV®, « + Wk = \h,xvx , (/ j 4-  ,(*)+ 


(9.  10) 


fhe  ncncoinci dence  of  the  left  and  riclt  aides  of  equalities 
(9.7)  or  (9.8)  at  the  cutcfl  of  engine  will  give  the  range  error 


hL  = <t>  — ct) 


(9.11) 


where  through  *«.«  and  <*>«  are  respectively  designated  the  value  of 
steering  function,  calculated  in  tie  process  cf  aoving  the  rocket, 
and  the  value  of  steerieg  function,  detersined  by  flight  prograw  and 
cbtaioed  by  calculation. 


1 


; i 


fhe  value  4>x.  which  corresponds  tc  the  forthcoming 
ccgcre te/specif ic/actual  realiraticn  cf  pre ceter lined  prograi,  is 
calculated  previously  ard  is  stored  in  the  seicry  of  on-board 
cosputer.  Function  is  calculated  or  as  they  speak,  "is 
accuaulated"  in  the  process  cf  flight  and  is  the  function  of  tine. 
For  eyaiple,  in  connection  with  (9. 1C)  it  is  possible  to  write 


♦.W-Njr«,«W+mref,(<)+PA(<)+Fi|f«(<)>  (9- 12) 
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then  io  the  process  of  the  flight 

(9- 13) 

whfte  4>k  is  determined  by  the  left  side  ol  equality  (9.  IQ). 

the  selection  of  cne  or  the  other  eetfccd  cf  the  compilation  of 
steering  function  depends  cr  specific  ccqditicrs.  Of  the  difficulty 
cf  realizing  the  control  systea,  instituted  cn  the  use  of 
four-aeabered  steering  functions,  are  cbvicis.  At  present  for  the 
rockets  of  class  "surface  - surface"  having  large  inactive  leg,  is 
applied  the  eethod  of  the  range  control  of  lititg,  instituted  cn  the 
account  to  different  decree  of  the  effect  ct  the  enueerated  above 
paraaeters  by  firing  distance. 

Page  375. 

if  we  investigate  the  effect  of  tbc  lev  deviations  of  each  of 
the  paraaeters  (to*  M*  ten  and  A*.)  cf  the  deviation  of 

ccaplete  distance,  then  it  will  seen  that  to*  and  barely  they 
affect  6L.  Effect  toK  depends  cn  value  itself  0k  Figures  9.7  shows 
the  cwrve/graphs,  which  illustrate  the  depecdeace  of  the  distance. 
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which  corresponds  to  inactive  leg,  cm  tv  aid  uK.  From  carve/graph  it 
is  evident  that  the  distance  is  less  sensitive  to  a change  of  the 
angle  of  departure  in  tie  large  of  the  angles,  close  to  the  angle  of 
maximum  range.  Therefore,  if  we  disconnect  engine  at  tilt  angle, 
clcse  to  the  angle  of  naxiiun  range,  then  effect  M*  on  6L  will  be 
nail. 

Vrca  formula  (9.6)  we  will  obtain  with  certain  error 

8ith  6L-0  let  us  have  the  one-term  linear  functional 

which  corresponds  to  speed  control.  In  this  case  during  flight,  is 
measured  only  the  velocity  end  upcr  reaching  of  eguality  tv  “tv.*  the 
engine  is  disconnect/turned  off.  Velocity  test  le  measured  with  the 
largest  possible  accuracy.  Contemporary  ontcarc  eguipment  for 
velocity  measurement  gives  the  errors,  placed  in  very  principles  of 
measurements;  however,  the  accuracy  cf  firing  during  the  range 
centre!  on  velocity  proves  to  te  acceptable. 
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Fig.  0.7.  Dependence  of  distance  cr  velocity  vK  and  angle  of 
departure  6«:  1 ” for  velocity  2 - for  velocity  «•„»:  •«>e«r  (when 

i'.i*4'1"  the  deviation  cf  distance  a*«i>a*.<»» 


Page  376. 

2.1.  Steering  function  cn  apparent  velocity. 

In  the  systen  of  preset  control  cf  rocket  as  steering  function, 
there  can  be  use  the  sc-called  apparent  velocity  or  the 
pseudcvelocity.  The  direct  veasureient  cf  velocity  on  board  rocket  is 
net  possible,  but  it  can  be  calculated  by  the  established/installed 
cn  rcCket  onboard  eguipvent  by  integrating  the  dependence  of 
acceleration  on  tiae. 

Vor  neasuring  the  acceleratic ts,  are  applied  the  acceleroneters 


gfcafT*  Hid 
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- instrume nts,  instituted  cn  the  use  of  principle  of  inertia.  Ihe 
accelerometers,  establish/irstal le d cn  hoard  rocket,  are  aeasured  net 
the  absolute,  but  apparent  acceleratic t,  urcer  which  is  understood 
the  difference  between  the  acceleration  of  relatively  fixed 
coordinate  systea  and  the  acceleraticn  cf  gravity.  The  neters  of  the 
apparent  accelerations  are  scaetiscs  callec  Newton  neters  [23]. 

let  us  examine  the  schematic  diagram  cl  the  work  of 
accelerometer  and  the  pricciple  cf  ccntrol  cn  the  apparent  velocity. 

the  small  load,  spring-mounted,  has  the  capability  to  be  moved 
alcng  guides  (Fig.  9.8).  height  shifting  is  proportional  to 
acceleraticn  in  the  dirccticn  cf  the  scticr.  cf  load.  The  direction  of 
displacenent/novenent  is  called  the  axis  of  the  sensitivity  of 
accelerometer.  Assuming  that  the  axis  cf  tte  sensitivity  of 
eccelcrcneter  coincides  in  the  direction  with  axis  of  rocket  and 
angle  cf  attack  a*Q  (8=1),  then  the  acceleratict  °n.  measured  by 
accelerometer,  it  will  he  egual  to  the  diffcreoce  longitudinal 
acceleration  of  the  motion  cf  rocket  — and  of  the  projection  of  the 

dt 

acceleration  of  gravity  cn  the  axis  cf  roeftet,  i.e.,  it  is  possible 

tc  write 

— l -g  sin  •)--—+*  sin«.  (9.14) 

Acceleration  a%  if  called  of  pseudoaccelcration  (apparent 


CCC  * 78107113 


PAGE  -i4- 


acceleration)*  since  according  tc  icraula  (S.)^)*  it  differs  free  the 
true  longitudinal  acceleration  of  rccket  tc  the  value  of  the 
projection  of  the  acceleration  cf  gravity  indicated.  Thus,  the 
accelercaeter*  establish/installed  frea  axis  cf  rocket,  always 
aeasures  the  pseudoacceleration  of  rccket.  Ike  value  of 
pseudoacceleration  in  tie  term  cf  voltage  is  fed  to  the  entry  of  the 
integrator  which  it  integrates.  As  a result  cf  integration,  we  obtain 
the  afparont  velocity  cf  the  rocket  va: 

t i i 

(9.15) 

• o • 

Virst  tera  in  eguaticn  (9.15)  is  true  airspeed  of  the  acticn  of 
rocket.  Conseguently*  it  is  possible  tc  write 

f 

sin  I at. 
i 


(9. 16) 
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Fig.  9.8.  Schematic  of  accelercaetcr  fccr  measuring  the 
pseud^acceleration  of  rccket. 

Fey:  (1).  Axis  of  rocket. 

Page  377. 

Ihus,  pseudovelocity  (the  apparent  velocity)  at  the  acaent  of 

f 

tiae  t differs  froa  true  aiispeed  tc  value  jVsinfc//.if  ballistic 
aissile  flies  accurately  according  tc  the  program  (at  each  acaent  cf 
tiae  pitch  angle  corresponds  to  prcgraaaed  value),  then  in  the  value 
of  pseudovelccity  it  is  possible  sufficiently  accurately  to  judge  the 
value  cf  true  airspeed. 

It  the  end  of  the  pcvered  flight  trajectory  of  rocket,  me  have 

t 

v»  «“vk+  | c sin  tdt.  1 9.  17) 

b 

Consequently,  during  tie  sufficiently  precise  notion  of 
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ballistic  aissile  along  pitch  angle  tc  any  value  of  true  airspeed 
(:>k)  at  tha  end  of  powered  flight  trajectory  corresponds  the 
coapletely  specific  value  cf  pseude  velccit  y (v„.K).  In  this  case,  the 
engine  cutcff  of  the  rocket  must  he  conducted  in  accordance  with 


(9.9)  at  the  torgue/aoaent  v he  r 


(9.  18) 


whsra  t’n.a  - value  cf  pseudcvelocity  at  current  point  in  the 
trajectory,  obtained  on  heard  rocket  (steering  function); 


tfn.K  - value  of  pseudcvelccity , designee  previously  for  this 
fliglvt  trajectory  and  ccr responding  tc  the  necessary  velocity  (uK)  in 
the  cutcff  pcint. 


In  the  process  of  flight  cn  beard  rocket,  continuously  is 
detersined  the  instantaneous  value  cf  the  apparent  velocity  and  it  is 
coapared  with  its  ccaputed  value  fer  the  etd/lead  of  powered  flight 
trajeatory.  Upon  reaching  cf  their  eguality,  is  supplied  the 
coaiaad/crew  to  engine  cutcff.  The  accuracy  of  the  operation  of  the 
cn-toard  inertial  ccntrd  systex  with  cce  irtegrating  acceleroaeter 
cap  be  raised,  if  with  the  aid  of  gyrcscope-statilized  platfora  the 
axis  of  the  sensitivity  of  acceleroaeter  tc  direct  along  the  axis  0€ 
is  perpendicular  tc  the  velccity  vector  of  rocket  ~vc  i®  the  point  of 


the  passage  of  the  calculated  trajectory  through  target/purpose  [23]. 


■ I-***.1 
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Then  the  projections  of  speed  on  new  cccrdiiate  axes  Or)  and  OF  (Fig. 
9.S),  turned  relative  tc  the  axes  starting  coordinate  systea  to  angle 
cf  90®  - |0c|.  are  equal  tc 

e^t^sin  | *c  14- cos 1 6C |;  t>,=  - ^ cos | #e | + e, sin  |fc|. 

(9.  19) 


It  is  possible  also  to  write: 


(=jcsin  I *c  I H~  y cos  l I*  *1=  — Jfcos|#c|  + ysin  |0C|.  (9.20) 


Face  378. 

Curing  the  neasurexent  cf  accelerations  alcng  axes  OF  and  0q  it 
is  possible  to  write 

t>„.  *«,  \)  (9-21) 

and,  correspondingly, 

(9;22' 

According  to  the  investigaticcs  cf  work  [23]  with  an  accuracy  to 
low  second  order,  it  is  possible  tc  assume 

0,  (9.23) 

"'ll* 


and  then 
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Consequently,  to  this  aethod  cf  control  corresponds  the  linear 
binomial  steering  function,  which  has  the  fern 

(925) 

It  is  otvious,  engine  lust  he  switched  eff  upon  reaching  of 
equality  left  and  right  side  (9.25). 


Is  known  the  applicaticn/use  cf  an  autcncmcus  inertial  control 
system  with  two  integrating  accele rc ■€ * ers . in  this  case  on  hoard 
rocket,  is  estallish/instal led  the  gyr csccpe-stabilized  platform, 
which  is  oriented  along  the  axes  cf  the  starting  coordinate  system 
and  dees  net  change  its  position  dtrinc  rochet  flight.  On 
gyrcsccpe-stakilized  platfcra  are  estahlish/installed  two 
accelercneters.  The  axis  cf  sensitivity  of  one  cf  them  is  directed  in 
parallel  to  axis  ' 0x3,  another  - in  parallel  to  axis  0 y3  . The 
schematic  cf  gyroscope-stabilized  platform  with  accelerometers  is 
shewn  cn  Fig.  9.10. 


' - 'Mm  riinfaniinii 
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Pig.  9.9.  Schematic  of  coordinates  with  the  inclined  location  of  the 
axis  cf  the  sensitivity  of  integrating  accelercseter. 

Key:  (1).  Axis  of  the  sensitivity  cf  accel sicmeter. 


Pig.  S.10.  Schematic  of  gyr cscope-sta t ilizt c platform  with  two 
accelerometers. 

Key:  (1).  Axis  of  rocket. 

Page  379. 

3he  accelerometers  indicated  will,  conesfcndingly,  measure  the 


comprising  accelerations 
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»S  a result  at  integrating  cf  dependences)  tv3(/),  ®j,311(/)  and  the  geoaetric 
ruination  of  the  projections  of  the  velocity  cf  rocket  vVjn\t)  in 

computer,  we  determine  the  value  of  the  apparect  velocity 


(9.  26) 


the  obtained  instactanecus  value  cf  velocity  is  ccapared  kith 
value  n„.K.  and  upon  reacting  cf  equality  occus  engine  cutoff. 

Bor  the  increase  of  the  accuracy  cf  the  operation  of  the 
inertial  control  system,  which  contains  twc  integrating 


accelerometers,  direction  cf  the  a*es  cf  their  sensitivity  they  must 
he  selected  on  the  basis  cf  detailed  ballistic  investigation  [23]. 
The  direction  of  the  axes  cf  sensitivity  depends  on  the  flight 
program,  motion  characteristics  and  fcrm  cf  trajectory.  For  rockets 
with  considerable  firinc  distarce,  must  be  considered  the  rotational 
effect  of  the  Earth  and  its  aspnericity. 

§3.  Programmed  equation  cf  pitch  arcle. 


She  programmed  equation  of  pitch  angle  usually  establishes  the 
dependence  of  tilt  angle  cn  tine  cr  the  over-all  payload  ratio  of 
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rocket  j*= — • The  torn  cf  programed  eguaticn  depends  on  the 

Mq 

designation/purpose  of  the  rocket,  its  design-technical  paraneters 
and  fern  of  start  (vertical,  inclined,  etc.).  1c  programed  equation 
nust  be  taken  into  account  the  character  cf  the  expected  trajectory  - 
its  fora,  distribution  cf  velocity  and  acce derations  (noraal  and 
tangential)  according  tc  ti«e  and  according  tc  the  path  of  the  center 
cf  aass  of  rocket,  it  is  necessary  tc  consider  the  special 
feature/peculiarities  of  ccntrcl  - control  cclj  on  active  section  or 
in  an  entire  trajectory,  the  possible  structural/design  realization 
cf  the  ccntrcl  systen  - autcrcicus  irertial,  ccamand,  etc. 


i 


With  the  correctly  ccnprised  program  and  conformity  tc  its 

pcssibilities  of  the  system  of  control  (linitedeess  of  the  deflection 

cf  controls)  of  the  characteristic  cf  angular  action  »(t),  a(t)  and 
*• 

i (t)  they  must  smoothly  charge  in  the  process  cf  flight  so  that  the 
cements  of  ccntrol  forces  ard  the  Icngitudiral  aerodynamic 
torque/moment  Af,  wculd  he  located  within  the  assigned  limits, 
determined  by  the  rigidity  cf  construction  and  hy  the  strength  of 
rocket  (i.e.  and  by  its  weight). 


Eage  380. 


ui 


The  degree  of  curvature  cf  the  trajectcry,  adjustable  within 
reasonable  Units  for  this  type  cf  rcckets,  manifests  itself,  in 
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eticnce,  the  normal  (transverse)  accelerations  cf  rocket  and  barely 
affects  the  tangential  (axial)  acceleration.  Normal  accelerations 
ace  determined  ty  the  value  cf  pitching  ecient. 

Cn  (4.86) 

M,  — qSlmla  ^qS\lu  m — /„  „lrja. 

Distance  between  centers  of  Basses  and  the  center  of  pressure 

l«a  baralj  depends  cn  flight  program;  else  are  little  affected 
with  flight  program  (for  a defined  class  of  rockets)  velocity  head  g 
and  coefficients  m\  anc  <Y  The  determining  value  on  31,  has  an 
angle  cf  attack  a— 0 — tt. 

therefore  in  cedes  to  decrease  M,  an d,  therefore,  to  maximally 
facilitate  the  constructicc  cf  rocket,  it  is  necessary  to  approach 
possibly  smaller  a,  especially  at  vital  importance  of  g. 

the  trajectory  phases  *ith  large  g must  be  passed  with  zero  (or 
liyimem,  close  to  zero)  angles  cf  attack. 

the  form  of  dependence  9 (t)  or  o(t)  must  consider  the 
effectiveness  of  the  work  cl  controls.  In  tie  area  of  transonic  speed 
(B  3 6. 8-1. 2)  occurs  an  abrupt  change  in  tit  aerodynamic  coefficients 
ml  and  c\,  which  negatively  affects  tic  operation  of  the  control 
systea.  Foe  decreasing  tie  effect  cf  tlese  charges  m‘  and  r\  it  is 
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necessary  that  the  rocket  would  pa ss  tie  nether  doaain  n indicated 
with  iero  angles  of  attack  [2]. 

the  ncted  conditions  satisfies  well  following  program  for  an 
angle  a during  motion  in  the  dense  layers  cl  the  atmosphere: 

a=a*(*  — 2),  (9-27) 

where 

k=2e* 

m - a limiting  value  of  angle  of  attack  or  the  subsonic 
trajectory  phase; 

ti  - time  from  start  tc  the  erd/lead  cl  the  vertical  phase  of 
flight; 

a - certain  constant  coefficient,  usually  selected  for  this 
class  of  rockets  sc  as  upon  reaching  of  nutters  daxa  n-0.7-0.8,  to 
obtain  angle  of  attack  o»0. 

Important  requirement  for  programmed  equation  is  the  need  cf 
providing  the  conduct  of  firing  for  the  cciplete  range  of  distances 
fees  xcMtato  If  range  *cMh  — *cmi  is  narrow  or  distances  *c 

ere  small#  then  program  «<t)  can  be  cne;  with  wide-band  range,  it  is 
necessary  to  have  several  pregrats  (it  is  desirable  - possibly  less). 
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The  instrument  realizaticn  cf  the  ccntxcl  sjstti  aust  allow  the  rapid 
ccjnedtion/inclusion  of  the  necessary  f cr  tie  assigned  distance 
prcgraa  in  the  process  cf  tfce  preparation  cf  fixing. 

Page  3C1. 

luring  the  conpilaticn  of  the  prcgraa  equation,  it  is  assumed 
that  the  axis  of  rocket  is  ideally  fulfilled  outlined  by  program 
angular  rotations,  lypical  curve/giapha  dsp(<)  and  ogpC^for  a powered 
flight  trajectory  with  the  vertical  launching  cf  single-stage  long 
range  ballistic  missile  are  represented  in  Fig.  9.11  [2]. 

On  first  section  (C<t<tj)  of  rocket  flight  d„p“ 90°= const.  On  the 
second  section  of  progzaa  (tt<t<t,)  the  pitch  angle  saoothly  changes 
frcn  90°  to  the  value  dnp.K,  which  corresponds  to  the  assigned  distance 
*c . noreower  angle  « here  changes  accordingly  (9.27)  ; tine  t2 
characterizes  the  torgue/no sent  of  achieving  the  nunbers  d=0.7-0.8. 
The  third  section  of  prcgra*  (tjdtctj)  - this  is  the  section  cf  the 
sctico  of  the  rocket  in  the  relatively  rarefied  layers  of  the 
atnosphere  with  saall  g,  when  it  is  possible  tc  take  a > 0,  necessary 
fcr  providing  the  progran  of  action  with  OapK-const.  m tine  interval 
*«— 1»  occurs  the  transiticn  cf  prograa  tc  straight  portions  with 
the  aaglea  dR<,  shich  ensure  tie  range  cf  distacces  fron  xcmm  to 


XeiMX- 
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Jrcgran  &Bp(0  foe  the  curvilinear  trtjectcry  phase  is 
described  well  by  the  equation 

»M-90*+(90*-V«)(^-2r).  (9.28) 

* — *, 

share  <= 1 relative  flight  tiae  of  rocket  cn  the  second  section 

*u  — 'i 

cf  progran  whose  value  changes  frea  zero  tc  unity; 

V-  flight  tiae  of  rccket  frci  start  to  the  end/lead  of  the 
first  section  of  prcgrai; 

'h  - flight  time  of  rccket  frc»  start  to  the  end/lead  of  the 

seccad  section; 

t - current  tiae  of  rccket  flight,  calculated  off  the 
tcigue/acaent  of  start. 

For  designed  calculations  the  progran  can  be  comprised  not  in 
the  fern  8 (t) , but  as  function  0(p).  let  tc  the  torque /noeent  <i  of 
the  end/lead  of  the  rectilinear  vertical  flight  correspond  nass  ratio 
cf  rocket  and  tc  the  tcique/icaect  cf  the  beginning  of 
rectilinear  inclined  flight  - p2.  Ihe  progrra  cf  a change  of  the 
angle  6 in  the  process  of  rccket  flight  on  the  active  curvilinear 
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trajectory  phase  can  be  presented  in  tic  fen 


•-A(f-ISP+*(F-IS)+C. 


(9. 92) 


Vcc  solution  would  te  teing  cc  octete/speci  f ic/actual,  it  is 
necessary  to  assign  values  ^ and  pt.  It  is  possible  to  accept 
p 1*0.95  and  to  count  that  the  curviliassc  section  of  progras 
concludes  with  p2*0. 4-0.5.  hagle  6.  vest  correspond  to  the  angle  of 
aaxiaus  range.  Taking  into  account  the  said  progras  of  a change  in 
the  angle  9 will  take  fern  of  fl=90c  with  1.tC>p>C.95; 

fl=-4^ — 0(t*  — 0,45f-t-l,  npw  0,95 > j»  > 0,45;  '9.3H 

• = npH  0.45  > j»  > |»K. 

Key:  (1)  with. 


Cage  182. 


For  a two-stage  rocket  the  exesplary/apprcxiaate  progras  of 
pitch  angle  takes  the  fere,  presented  in  Pic.  5.12  [2].  The  foes  of 
the  flight  trajectory  in  the  work  of  first-stage  engine  is  selected 
according  to  the  prograi  of  obtaining  saxisus  argle  of  attack  net 
sere  s in  subsonic  range  arc  obtainitg  o=  0 ir  tange  of  nusbers 
M> 0. 7-0. 8.  The  prograsacd  equation,  which  dctecaines  the  action  of 
the  second  stage  of  rocket,  nost  frequently  car  te  undertaken  in  the 


foes 


*n  *=  *n# — • [t — 


(9.31) 


F 
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whore  <hio --  an  initial  programmed  value  of  pitch  angle  for  the  second 
stef/stage. 

Defending  on  the  basic  design  parameters  cf  the  rocket  of  value 
Oiio  and  0 for  providing  tfce  saxiauv  cf  distance,  they  can  take 

different  values. 

In  a series  of  the  cases  when  selecting  of  the  most  advantageous 
ptegram,  confuted  values  Oi„  and  On#  can  net  ccincide.  In  this  case  a 
change  cf  the  derivative  t(t)  in  the  uerk  ct  the  second  step/stage 
Bust  provide  snooth  transition  (secticn  t'-t"  it  Fig.  9.12)  fren  the 
pregran,  establish/installe d tor  first  stage,  tc  the  curvilinear 
section,  selected  for  tie  second  step/stage,  during  gradual 
tracsiticn  tc  the  straight  pocticr,  cn  which  is  completed  the  work  of 
second-stage  engine.  The  straight  pcrtici)  cf  trajectory  with  the 
cptiaBB  angle  of  the  slope  cf  velocity  vector  at  the  end  of  the  work 


DOC  * 78107113 


76/ 


PAGE  -Mr 


fig.  9.11.  Flow  chart  cf  the  program  cf  pitch  argle  for  a 
sirgle-stage  rocket  anc  a change  ir  the  ancle  cl  attack. 

fig.  9.12.  Flow  chart  of  program  of  pitch  ar.gle  lor  two-stage  rccket. 

Page  383. 

§4.  Maneuverability  and  g-tcrces. 

Buring  ccipleting  cf  the  assigned  flight  program  or  with  missile 
targeting  to  the  moved  target/purpese  (i.e.  during  maneuver 
accomplishment)  change  the  value  and  the  direction  of  the  velocity  of 
the  motion  of  the  center  of  mass  of  rccket.  In  accordance  with  this 
uqOcc  the  maneuverability  cf  rccketi,  is  urcerstood  the  speed  of  a 
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i 

I 
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change  in  the  flight  speed  in  value  and  ditecticn.  is  estinated  the 
■aneuverability  of  all  types  of  flight  vehicles,  rockets  and 
prcjectiles  with  the  aid  of  the  so-called  g-fcrces.  G-force,  just  as 
velocity,  value  is  vectcr. 


Under  the  vector  of  the  g-fcrce  cf  rocket  r,  is  understood  the 
relation  to  the  resultant  of  all  acting  on  it  fcrces,  except 
gravitational  force,  to  the  weight  cf  icckct,  i.e., 

« = (9.321 

where  Fa  - resultant  cf  all  aerodynaaic  fcices; 

Fr»  resultant  of  all  gas-dynaaic  forces,  including  the  engine 

thrust. 


i . 

i 

i 

J 


Ihe  acdule/modulus  cf  the  vector  of  g-fcrce  n is  the  value  of 
diaensionless,  which  is  Bade  it  convenient  fcr  comparative 
evaluations.  G-forces  are  determined  by  eqeigy  resources  of  rocket, 
hy  the  possibilities  of  its  aerodyrasic  configuration,  by  the  ccntrcl 
effectiveness  and  ccntrcl  systea  as  a whole.  The  total  vector  of 
g-force  can  be  deternined  its  those  ccsprise  alcng  the  axes  of  the 
adopted  systea  of  coordinates. 


Tangential  g-force  characterizes  a change  in  the  velocity  in 


EOC  * 78107113  F AG  £ -4-C" 

value-,  and  the  g-forces,  undertaken  along  tie  normal  to  velocity  and 
called  normal,  a change  in  the  sense  of  the  vector  of  the  velocity  cf 
rocket,  i.e.,  the  maneuver  cf  the  lattci.  Fixing  the  analysis  of  the 
ccjditicns,  which  ensure  the  maneuverability  cf  the  rockets,  are 
examined  usually  only  ncraal  lead  factors. 

let  us  establish  ccsmuricatic  r/ccnnecticg  between  the  form  of 
the  ccmpleted  by  rocket  aaneuver  and  tie  g-fcrces,  necessary  for  its 
accomplishment. 

During  the  design  cf  the  ccntrcl  systeos  cf  initial  space,  is 
conducting  the  detailed  analysis  whese  target/purpose  - to  establish 
the  required  forms  cf  tcajectories  (i.c.  tie  maceuvers),  which  will 
allcw  the  designed  rocket  tc  satisfy  tie  stated  operational 
requirements. 

Figure  9.13  shows  the  trajectory  cf  af^ioach  of  rocket  for  the 
maneuvering  in  vertical  plane  target,  ccnstructed  for  the  method  of 
guidance  (on  pursuit  curve)  accepted  according  to  the  predetermined 
trajectory  of  target/puipcse  and  velccity  cf  rocket. 

Cage  384. 

A similar  trajectory,  without  opening  the  system  of  forces,  that 
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catsed  its  £crm,  makes  it  possible  tc  establish  the  characteristic 
which  makes  it  possible  tc  pass  tc  the  tie  te  x miration  of  the  acting  on 
rccket  forces.  This  kinematic  characteristic  of  the  maneuver  of 
rocket  is  the  radius  of  cirvature  cf  tiajectcrj  r . 


Figure  9.13  shows  that  the  presetted  it  it  trajectory  of  the 
approach  of  rocket  for  tarcet/purpcse  is  characterized  by  a gradual 
increase  in  the  curvature  cr,  that  analogously,  ty  the  decrease  cf 
radius  cf  curvature  frca  value  r0  at  initial  pcirt  in  the  trajectory 
tc  value  rB  at  the  collision  pcint  cf  rocket  fer  target/purpose.  In 
connection  with  the  half-speed  coordirate  sjstes,  it  is  possible  tc 
write  following  expressions  for  radii  cf  curvature: 

^•33) 


r.=  -*S  = 

dV 


■v-%-.  (9.34) 


In  this  case,  it  was  accepted  that  r > C in  the  case,  the  code 
its  depicting  cut,  directed  from  pcint  in  tie  trajectory  toward 
center  of  curvature,  coincides  with  pcsitive  ditection  of  the 
ccrresponding  coordinate  axis. 


Intecing  expressions  (9.33)  and(9.2h)  ergular  velocities  — and 

mt 

d* 

—--can  be  expressed  by  the  appropriate  g-fcrces  on  the  basis  of  the 

mt 

system  of  the  differential  equations,  which  describe  the  motion  cf 
the  center  of  mass  cf  rccket. 
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fig.  9.13./  Change  of  tie  radius  of  curvature  cf  trajectory  during 
the  approach  of  the  guided  missile  fcr  tarcet/p urpose  along  pursuit 
tra jeetcry. 

fig.  9.14.  Schematic  of  cccrdirates  during  determination  of  g-forces. 

Eage  385. 

let  the  plane  of  angle  of  attack  a be  vertical,  and  the  plane  of 
angle  cf  slip  8 - to  it  is  perpendicular;  tten  cn  Fig.  9.14  it  is 
possible  to  write  the  system  of  eguaticns  cf  tie  spatial  motion  of 
the  center  of  mass  cf  tie  guided  missile  if  the  half-speed  coordinate 
system.  In  this  case,  ccntrcl  forces  is  comlined  with  aerodynamic 
forces  of  X,  Y*,  Z*;  the  left  an-!  right  sides  cf  the  equations  it  is 
subdivided  by  weight  of  rccket  c=mg. 


(9.37) 
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Hence 


d%  g , ..  av 

— — = — (/i*.  — cos  8);  — = 
dt  v r dt 


- «,♦.  (9.38) 

v cob  6; 


After  substituting  with  respect  (9.38)  intc  equations  for  radii 
cf  curvature  (9.33)  and  (9.34),  we  will  obtain 


■j—  — + cos  I, 

V t 

I r3  CO*  6 


rf  t 


(9.39) 

(9.40) 


Page  386. 


The  parameters  of  trajectory  v,  fl  aqd  V determine  the  value 
and  the  sense  of  the  vectcr  of  speed,  tut  ties  derivatives  and 
g-forces  characterize  tie  atility  cf  flight  vehicle  to  change  value 
and  direction  of  the  flight  speed  cf  tie  center  of  mass. 


Dependences  (9.39)  and  (9.40)  shew  that  the  rochet  can  satisfy 
the  maneuver,  which  is  characterized  ty  radius  cf  curvature  r,  only 
in  such  a case,  when  will  te  created  tie  necessary  g-forces  and 
ft**,  moreover  maneuver  with  smaller  radius  cf  curvature,  i.e. , 
sharper,  can  te  realized,  ether  ccrditicns  teirg  equal,  because  of  an 
increase  in  the  normal  lead  factors.  Curing  the  investigation  of 
g-fordes,  determine  the  sc-called  required  c-fcrces,  necessary  for 
obtaining  of  the  trajectories  of  the  assigned  ferm,  and  the  available 


V 
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g— forces#  which  can  be  actually  obtained  by  rocket.  G-forces  required 
aqd  arrange/located  are  compared  between  ttemselves. 


Socket  can  move  over  programmed  trajectory  or  over  the 
trajectory  of  the  guidarce  only  when  tie  necessary  for  its  obtaining 
required  g-forces  will  be  less  or  (in  the  extreme  case)  equal  to  the 
available  g-forces  which  car  be  created  by  the  rocket 


fly*n  ^ fly* p*  flx*n  ^ fix* p* 


(9.41) 


But  given  conditions  (9.41)  it  is  rot  possible  to  consider 
sufficient.  The  motion  of  rockets  under  actual  conditions  is  always 
accompanied  different  kind  ly  the  short-term  or  prolonged 
disturtance/perturbations  which  deflect/divert  rocket  from  calculated 
trajectcry.  For  the  stabilisation  cf  tie  notion  of  rocket,  its 
control  system  must,  as  already  mentioned  1 1 at  to  possess  possibility 
to  parry  these  disturbacce/(:erturtaticrr. 


Consequently,  during  setting  cf  ccBmuricaticn/connection  between 
the  required  and  available  c-fcrces  it  is  tecessary  to  compulsorily 
provide  for  the  reserve  of  the  norial  lead  lactcrs  «#•>  and  /»<•».  which 
is  necessary  for  realizing  assigned  rccket  flight  under  the  effect  on 
cf  its  randon  disturbances. 


taking  into  account  this  condition  (9.41)  they  take  the  form 


fty*n  -J-  fly*t  ^ Ajr*pi  fit**  "1“  fit**  ^ a#*p. 


(9.  42) 


It  is  necessary  tc  tear  i c Bird,  that  eettin g the  maximum  sizes 
c£  the  g-force,  both  ncraal  and  axial,  iust  he  conducted  taking  into 
account  the  careful  analysis  of  the  effect  cf  c-torces  on  the  vcrk  cf 
the  caboard  measuring  and  controlling  eguijient,  strength  of  housing 
and  assemblies  of  rocket. 
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Chapter  X. 

STUDY  CF  TRAJECTORIES  AND  TEE  CONCEIT  OE  TEE  OFlIflUB  SOLUTIONS  OF  THF 
EE  4 ELENS  OE  EXTERNAL  BA  I L 1ST  ICS . 

The  problems  of  extra-ballistic  i nvest jgat iens  are  very 
■any-sided  and  depend  cn  the  designaticn/puipcse  of  rocket  or 
prejeatile  and  concrete/specific/actual  posing  cf  the  question.  The 
■ost  frequently  encountered  in  vest  i gat iegs  can  be  combined  into 
fcllciing  basic  groups. 

1.  In vestigations,  dedicated  to  setting  ccmon/general/total 
properties  of  missile  trajectories  ard  projectiles  in  air  and  vacuum. 

2m  In vestigat ions,  dedicated  to  finding  optimum  solutions  of 
problems  of  theory  cf  rccket  flight  and  projectiles. 

3.  Investigations  cf  conditions  of  three-dimensional/space 
rendezvous  of  two  bodies,  i.e.,  conditions  cf  icterception  of 


I 

it 


target/purpose  (aircraft,  rccket)  by  veritb  cr  aircraft  rockets  or 
defeat  cf  it  by  artillery  shells. 
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H.  Considerable  place  in  ballistic  investigations  occupy 
questions,  connected  with  determining  cf  characteristics  of 
scattering  trajectories  ard  accuracy  cf  firing  (these  investigations 
will  examine  we  in  chapter  >111). 

Almost  for  all  named  groups  of  extra-lallistic  investigations, 
it  is  necessary  to  apply  the  numerical  methods  cf  solutions  with  the 
aid  of  appropriate  computer  techrclcgy;  only  the  part  of  the  simple 
problems  can  be  solved  analytically. 

§1.  General  properties  of  missile  trajectories  and  of  the  projectiles 
cf  cccstant  mass  moving  ir  the  atmosphere. 

Let  us  examine  this  question  in  cdngecticr  with  the  unguided 
rockets  and  the  projectiles  cf  class  "surface  - surface11.  The  vest 
important  motion  characteristics  it  is  possible  to  consider  the  form 
cf  trajectory,  the  velocity  cf  the  center  cf  vass  and  g-force. 

The  velocity  cf  the  center  cf  mass  of  body  depends  on  the  acting 
co  it  forces  and  with  the  ccnstant/invariable  composition  cf  the 
system  of  forces  changes  saccthly. 
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figures  10.1  shows  the  curve/grapbs  of  a change  in  the  rate  of 
■ctico  along  the  trajectory  of  two  types  of  rockets  - wingless  (curve 
1)  and  winged  missile  (curve  2). 


Page  3£8. 


As  can  be  seen  from  figure,  the  velocity  cf  the  motion  of 
wingless  rocket  by  active  section  sharply  gicw/rises,  reaching  in  its 
end/lead  cf  the  greatest  value;  then  cn  the  free-flight  phase  (when 
the  system  of  forces  chancec)  it  decreases  with  the 
approach/approxiaation  cf  rccket  tc  peak  cf  the  trajectory;  after 
peak  cf  the  trajectory,  the  velocity  again  crow/rises,  and  at  tne  end 
cf  the  trajectory,  it  again  sharply  decreases  as  a result  of  rccket 
leaking  by  the  dense  layers  cf  the  atmcspheie. 


fee  winged  missiles  the  velocity  rapidly  gicw/rises  by  the 
launching  phase,  and  on  march  it  is  little  effected,  but  all  the  same 
it  does  not  remain  constant  as  a result  of  a change  of  the  mass  of 
the  rocket  because  of  burnout  in  the  operation  cf  engine, 
nenuniformity  of  the  feed  cf  fuel/prcpellast  into  the  combustion 
chamber,  etc.  During  the  metien  of  the  rocket  in  the  vacuum,  its 
velocity  in  the  engine  operation  will  continuously  grow/rise.  In 
accordance  with  formula  K.  E.  Tsiclkcvskiy  the  limiting  value  of 
valccity  is  determined  by  the  weight  cf  rccket,  by  the  fuel  reserves 
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and  b;  his  energy  characteristics  (7.146). 


let  us  exasine  the  properties  cf  the  trajectories  of  the 
projectiles  cf  constant  sass,  dri ving/acvirg  ic  the  atnosphere, 
characteristic  for  ground-lesed  artillery  pieces. 


let  us  take  the  first  eguation  c t systca  (5.8),  let  us 
substitute  in  it  value  cf  i frcm  (5.5)  and  then 


~w=-rHUt)Qiv). 

4x 


Since  c,  H (y)  and  G (v)  are  positive,  tten 


(10. 1) 


and,  therefore,  the  horizontal  projection  ct  speed  decreases  along 
trajectory. 


let  us  take  the  second  eguaticn  cf  systes  (5.8)  aid 

dx  (I 

ref  lade  in  it  dx—-^-\  then  pdp-—  — dy.itt  us  integrate  this  eguation 
twice?  one  tine  on  the  ascending  branch  of  trajectory  froa  point  y,t 
tc  peak  cf  the  trajectory  s and  for  the  seccnc  tine  - on  the 
descending  branch  of  trajectory  fres  the  apex/vertex  that  of  the 


point  Vni-tmi' 


CCC  * 78107113 


FAGS  JrY' 


r?4 


Fig.  1Q.1.  The  circuit  c£  a change  in  the  rate  cf  notion  along 
trajectory  for:  1 - wincless  ballistic  fissile;  2 - Hinged  missile. 
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After  integration  ue  can  write 


* s « * s 

. = { iSL  ; IzL^o  f i*_ 

“ ) •*  ’ 2 * J 


Kith  the  decreasing  hciizcrtal  projection  cf  speed  for  any  pair 
cf  points,  which  are  lccatec  cn  cue  he i cht/a 1 t i tude  y,  cn  the 
ascending  and  descending  tranches  cf  trajectory,  «»>«■,  therefore 


" o *5 

d * 


and,  therefore. 


/>./ < I 1 1 H 8,/ <8,,. 


1 10.  2' 


Thus,  the  descending  tranch  of  trajectory  than  steeper  ascending 
acd  angle  of  incidence  is  acre  angle  cf  departure 
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let  us  find  the  change  in  the  kinetic  energy  of  the  projectile 
cf  constant  mass,  which  corresponds  tc  its  ciaplacaaen t/noveaent  from 
feint  y,i  on  the  upward  lec  into  point  yn~yn  cn  the  descending 
Branch  of  trajectory.  At  the  identical  heigh tyaltitude  of  the 
selected  points,  a chance  ir.  the  kinetic  energies  is  deternined  by 
the  action  cnly  of  air  resistance  (. 

than 


sijee  cos(/?w)=  — l,  that  v2mt  — «J<<0  and , t/)esv.'fo/^. , 

«.,>«./•  (1°- 

Thus,  at  points  in  the  trajectory  with  identical 
height/altitudes  yui—ym  the  velocity  cf  projectile  on  the  descending 
branch  is  saaller  than  the  velocity  on  the  ipward  leg  and  the 
velocity  of  projectile  in  inpact  point  cf  tie  lesser  velocity  in 
release  point 

t»c<T>#.  (10.5) 

let  us  ezanine  velocity  change  along  trajectory  for  the 


re 
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projectiles  cf  constant  nas£.  In  accordance  witt  the  first  equation 
cf  systea  (5.3)  it  is  pcssitle  tc  write 

dt  m * 

Face  350. 

Since  all  values,  entering  the  right  side  cf  the  last/latter 
equation,  are  positive,  tier,  ctvicusly,  in  the  beginning  of 
trajectory  the  velocity  decreases,  since  dv/dt<C.  The  nininua  cf 
velocity  will  be  under  condition  dv/dt-C,  wien  is  correct  the 
equality 

-^-=  — £ sin  6.  ^0.6) 


ft 


1 

t 

\ 

i 


Jt  is  otvious,  equality  (10.6)  can  be  fulfilled  only  on  the 

descending  branch  cf  the  trejectcry  where  sin  6 < 0,  i.e.,  the 

nininua  of  velocity  will  te  after  teak  cf  tie  trajectory;  after  this 

the  velocity  of  projectile  will  begin  tc  grew/rise,  since  will  occur 

inequality  glsine>X/a.  In  the  lower  layers  ci  the  ataosphere,  at  high 
A 

air  densities,  the  velocity  again  will  begin  tc  fall  (Fig.  10.2).  The 
presented  curve/graph  is  characteristic  for  high-angle  tajectories. 
Fcr  lpw  trajectories,  depending  on  initial  conditions,  the  aaxiaua  on 
tte  right  side  cf  the  ccrve/graph  cat  net  te  fersed  to  iapact  point; 
with  direct  fire,  the  velccity  cf  projectile  at  trajectory 
continuously  decreases. 


i 
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fig.  10.2.  Curve/graph  cf  a change  in  the  velocity  of  the  projectile 
cf  constant  mass  during  its  motion  in  the  atmosphere. 

§2.  General  properties  of  the  trajectories  cf  the  projectiles  cf 
ccpstmnt  mass  in  a vacuo. 

let  us  give  the  properties  cf  the  trajectory  of  the  motion  of 
projectile,  obtained  on  the  basis  cf  paratclic  theory  (chapter  VII 
$1)- 

The  horizontal  projection  cf  speed  is  constant  along  trajectory, 

»«=c,cos  I,— const  (10.7) 

Parabolic  trajectory  is  symmetrical  i q fora  and  with  respect  to 
velocity  change  along  trajectory  relative  tc  orcinate  p*  the  passing 
through  the  half  complete  distance.  Argle  cf  ircidence  is  equal  to 
aggie  of  departure,  final  velocity  is  equal  tc  the  initial  velocity 


l*cl“^  «c-«< 


(10.8) 


w. — - 

L / 


^ 1 
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Let  us  present  (7.1)  it  the  fcri 

y=xp*  — ^T{l  + A\  (10-9) 

2*o 

uhere  p0=tg90  - parameter  cf  family  cf  curves,  described  ay  equation 

IH.9). 


lie  will  obtain  equation  by  envelope  family  of  curves.  For  this, 
let  us  take  derivative  of  expression  (1C. 9)  frcm  parameter  p0 

gx* 

x-  — p9=0 


let  vs  find  that  p0= — . Substituting  p0  it  egaation  (10.9),  we  will 

gx 

ettain  the  eguation  of  envelope 


y=*L-t!L 

2*  2vl 


(10.  10) 


last/latter  eguaticr  ccntains  argument  * ctly  to  positive  even 
degree  (x*)  and,  therefore,  that  envelopes  - the  parabola, 
symmetrical  relative  to  y amis. 


If  point  (tar get/purpese)  is  located  cut  cf  envelope,  i.e.. 


if 


then  this  point  is  struck  t e it  cannct.  Therefore  envelope  (10.10) 
they  call  the  paratcla  ct  safety,  The  solution  of  equation  (10.9) 
relative  tc  po=tg0o  *ith 


has  tec  real  roots,  i.e.,  target/pirpcse,  ccntsined  the  parabola  of 
safety,  can  he  struck  dirinc  tvc  adjustments  of  sight. 

Target/purp ose,  which  is  located  or  the  paretcla  of  safety,  can  be 
struck  during  one  adjustment  of  sight  [59].  last/latter  two 
ccnclosioq/derivat ions  are  valid  alsc  fcr  eivelcping  the  families  of 
the  trajectories  in  air,  which  have  v0=const  and  parameter  po=tg0g • 

let  us  find  a decrease  in  the  trajectory  under  line  of 
elevation.  Let  us  substitute  (7.4)  In  seccrc  term  of  right  side  (7.1) 
and  after  conversion  we  will  chtait: 


(10.  in 
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Page  392. 

this  there  will  be  lowering  tie  trajectory  under  line  of 
elevation  (Fig.  10.3).  In  tern. 


oa  — =vJ. 

COS  lo 


(10. 12) 


It  is  obvious,  with  firing  with  cne  arc  the  sane  velocity  at  any 
angle  cf  elevation  the  giver  ncaent  of  tine  it  will  answer  one  and 
the  saae  lowering  under  line  of  elevation,  which  does  not  depend  on 
angle  of  elevation.  The  lines,  which  connect  the  points  cf  lowering 
the  trajectories  under  lices  cf  shots  ard  which  correspond  to 
identical  flight  tines,  are  called  iscchrores.  fiithin  the  franeuork 
cf  the  parabolic  theory  cf  iscchrone,  will  represent  by  thenselves 
the  circuaf erences,  carried  cut  by  a radios  v0t  fron  the  center, 
cnitted  froa  the  origin  of  coordinates  alcrc  the  axis  oy  to  value 
gt*/2*»  The  isochrones  of  the  metier  cf  the  projectiles  of  different 
desigsation/purpose  in  air  can  be  constructed  according  to  the 
nuaerical  calculations  cf  the  family  cf  trajectories. 


Certain  interest  for  the  theory  of  correcticns  represents  the 
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dependence,  which  determines  relative  transit  tine  by  the  projectile 
cf  the  cuts  of  the  aaccrding  end  descending  branches  of  trajectory. 
United  by  ordinaten  and  (tig*  10. 


Let  us  elevate  formula  (7.6)  into  square  and  is  pieceaeal 
divided  it  into  (7.8).  Is  a result  we  will  obtain  siaple  fornula  fer 
calculation  cf  total  flying  tire  cf  projectile  along  the  trajectory 
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•if-  JO.  3.  Lowering  the  trajectory  under  lire  cf  elevation. 


•if.  10.4.  Dividing  circuit  ci  trajectcry  irtc  layers  to  derivation 
cf  dependence  for  "veight  cf  layer". 

Eage  393. 

transit  tine  by  the  projectile  cf  a layer  cf  the  space.  United 
by  erdinatea  y{  and  yt_u  car  be  found  as  difference  of  the  aissile 
flight  tine  in  trajectcry,  that  has  initial  erdinatea  y , and  (/<->. 

'c</— u-'ci  =|  -y  I(y*  — y*-*)—  y/ 


the  relative  retention  tine  of  projectile  in  a layer  is  egual 
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IV) 


For  integer  n of  layers  of  the  equal  t tick teas  a,  to  which  is 
krqkeo  the  trajectory,  it  is  pcssitle  tc  write 


»i-i 

»s 


i—  1 


jll  — _ 


(10. 15 1 


K«f : ,(  1)  . and. 


then  the  conditional  "height  cf  a layer",  proportional  to  the 
retention  tine  of  projectile  in  the  i layer,  is  equal  to 


*C  </ — «)  ^c/  1 n — i + 1 — V — i 

‘c  Vn 


( 10.  161 


last/latter  formula  can  be  ccmprisec  the  table  with  entries  n 
and  i.  this  table  or  formula  (10.16)  can  be  usee  for  calculating  the 
heights  of  layers  during  the  approximate  (estimated)  deter  Bination  of 
the  effect  of  neteorologic al  factors  c$  the  results  of  firing. 


Vithin  the  framework  cf  the  elliptical  theory,  which  examines 
the  motion  of  projectile  ir  central  gra vita ticcal  field  without  the 
acccuot  of  air  resistance,  the  trajectcry  ct  projectile  is  described 
by  the  equation  of  ellipse  (7.14).  Form  trajectcry  is  determined  by 


4 


/ 
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eccentricity  e.  In  §2  chapters  VII,  arc  exaiinec  the  trajectories, 
which  correspond  tc  the  cases 

c=0;  0<e<l;  #*1;  «>!. 

Let  us  give  several  ccmon/geceral/tott  1 properties  of  the 
elliptical  trajectcry,  khich  is  closed  on  tie  surface  of  the  Earth. 

Ihe  analysis  of  equation  (7.14)  shews  that  the  elliptical 
trajeatcry  has  an  axis  of  syixetry  which  coincides  with  radius-vector 
rwux—rs.  turned  relative  tc  the  beginning  of  trajectory  to  vectorial 
angle  1 >s-  Consequently,  ir  the  pcicts,  arrarge/lccated  on  the 
ascending  and  descending  tranches  cf  trajectcry  is  synaetrical 
relative  to  radius- vector  fa  (i.e.  the  focal  axis  of  ellipse)  , will 
be  identical  radii  r and  ancles  of  arrival  (on  acdule/nodulus) . 

Eage  394. 

Substituting  in  (7.16)  identical  values  of  c and  0,  that 
correspond  to  the  points  of  the  ascending  ard  descending  branches  cf 
trajectory,  we  can  be  ccnvirced  cf  the  fact  that  the  velocities  in 
these  points  are  also  equal  on  vodule/aodulus,  i.e.,  elliptical 
trajectory  is  synaetrical  relatively  ?a  net  crly  in  forn,  but  also 
according  to  the  distribution  cf  velccity  alcng  trajectory.  The  value 
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cf  a radius  and  corresponding  tc  it  angle  4s  arc  daterained 

fcriulas  (7.  IS):  if  ve  take  f-g<8.  than 

(10.  17i 

{10.  18) 

§3.  Kineaatic  netheds  c£  the  study  cf  the  tiajectories  of  guidance. 

In  the  theory  of  flight  tc  the  kineaatic  aethods  of  study,  it  is 
accepted  to  relate  the  aetheds,  which  exaaire  the  aotion  of  the 
center  of  the  aasses  of  flight  vehicle  without  the  explicit  account 
cf  the  acting  cn  it  forces  cn  the  assumption  that  the  velocity  of  its 
ceqter  of  aass  in  the  function  cf  tise  is  krem.  dost  freguently 
kireaatic  aethods  are  applied  during  the  study  cf  the  aotion  of  the 
guided  aissiles,  which  arc  aiaed  tc  ccving  targets  or  which  are  aiaed 
tc  target/purpose  froa  ichilc  guidance  staticqs. 

He  investigate  the  possible  conditions  cf  the  encounter  of  the 
rccket  with  target  with  the  different  aetheds  cf  guidance.  In  the 
general  case  for  previdieg  the  rendezvous,  distance  r between  the 
rccket  and  the  tar get/purpese  aust  decreases,  tut  this  aeans  that 
auat  be  fulfilled  the  equality 


rs^r  ■ 


i — t 


if  we  take  (p-^,,-0  snd  that 


<p4  = arccos- 


r*~P 

try. 
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Bcr  an  exaaple  let  us  exanine  the  case  cf  guidance  with 
fixed-lead  angle  0t,-a^- const  and  will  proceed  f tea  formula  (7.91). 
Fcr  providing  inegualitj  (1C.  19)  it  is  necessary  to  have 

p cos  o,,,  > cose,. 


Utilizing  (7.88)  and  transforming , we  hill  obtain 

/*(!  — sin*  «!,,)>(  1— />»  sin*  a*).  (10.20) 

Consequently,  with  the  xethed  cf  guidance  it  question  for  providing 
the  eicounter  of  rocket  with  target  it  is  necessary  to  have  p > 1, 
i.e.,  the  velocity  of  rccket  must  he  mere  than  target  speed. 

The  ncrnal  acceleration  of  the  rccket  hith  the  nethod  of 
guidance  in  question  is  determined  ty  fcraula  (7.98).  For  providing 
the  rendezvous  of  rccket  fcr  target/pui pose  Oq  aust  approach  o«b 
Then  the  acceleraticn  liait  will  te  equal 
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npK  *<2 

©ipe  *>2  Hwa^-oo: 
£^ipa  A«=2  0<Hm«gt<« 


Key:  (1).  with. 


Page  395. 


(10.21) 


In  practice,  obviously,  can  be  used  crly  case  k ^ 2.  The 
analysis  of  foraula  (7.S6)  cives  tte  ratine  c t the  possible  values  p 
depending  cn  a*  (fig.  10.5).  As  cat  be  seet  ftc*  figure,  the  range 
ct  the  theoretically  possible  conditions  oi  the  rendezvous  (it  is 
crcss-hatched)  with  fixed-lead  honing  is  eatreicly  limited. 


Icr  the  investigation  cf  the  possibilities  of  parallel  approach 
aethod,  let  us  conduct  the  kineaatic  investigations  of  the  conditions 
cf  rendezvous  at  the  ccrstart  velocities  ct  the  action  of 
target/purpose  and  rocket  (p  = const). 


for  case  of  P>1  rectil inear ly  drivirg/icving  targe t/purpese 


can  be  intercepted  in  any  relative  attitude  ct  rocket  and 
target/purpose  during  tine  interval  dt  since  at  angles  a,  and  is 
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placed  only  the  lieitaticn  ct  ideal  advance/pre vention  (Fig.  10.6a). 
In  the  case  cf  p < 1 rarge  cf  the  positions  cf  the  rockets,  with 
which  is  feasible  the  interception  of  tar get/purpose,  considerably  it 
is  reduced.  For  providing  the  interception,  lust  be  fulfilled  the 
egeality  a;,* JlL*=  _iaJ_  , however , in  addition  tc  this,  the  rocket  before 

Vfl  9*1 

the  isterception  nust  be  located  ir  the  space,  liaited  by  the  cone 
whose  angle  p = arc  sin  p (Fig.  10. 6h)  . 


If  in  initial  positicc  rocket  is  lccated  cr  the  surface  of  cone 
with  angle  p,  then  by  the  crly  direction,  bhich  ensures  interception, 
it  bill  be  the  direction  cf  notion,  perpendicular  generatrix  of  cone. 
If  rocket  is  located  within  ccpe,  then  possible  different  initial 
lead  angles  aD,  and  to  <*«•  acrecver  the  extreme  trajectories 
cf  the  notion  of  rocket  and  OjS  bill  be  rectilinear.  The 
trajectories  of  the  notion  cf  rocket,  bhich  lie  between  02A  and  0ZB, 
fcr  providing  the  rendezvous  oust  he  curvilinear.  with  the 
maneuvering  of  target/pur pcse,  the  ranee,  it  which  is  feasible  its 
interception,  still  decreases.  This  cuesticr  requires  additional 
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Vig.  JO. 5.  Dependence  oi  the  relative  velocity  cf  rocket  on 
fixed-lead  angle.  The  shaded  range  ccrtespcids  to  the  conditions  of 
the  encounter  of  the  rocket  with  target  with  the  finite  quantity  of 
ncnal  accelerations. 


Key:  (1).  Rendezvous  is  i«{cssible.  (2).  It  is  infinite.  (3).  large. 
(4).  upon  rendezvous.  (5).  Rendezvous  is  iipcssible. 


Page  396. 


Ccnaunication/connccticn  between  the  ncnal  accelerations  cf 
rocket  and  target/purpose  is  set  by  fcrsula  (7.1C6).  It  is  obvicus 
that  fer  the  case  p > 1 ncnal  acccleraticrs  cf  rocket  will  be  less 
than  the  ncnal  accelerations  cf  tsrget/puricsc. 


1 
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fee  case  of  p < 1,  if  the  rcctet  tefoit  the  approach  is  found  on 
the  boundary  of  the  region  cf  possible  interception  - on  by 
gereratrix  ccne  with  angle  p,  we  have 

Oj,  = , coso()=0  h^hS  (7.  105) 


Key:  <1).  and  fron. 


Obviously  that  this  case  cannot  te  usee.  If  we  designate  the 
ratio  cf  accelerations  that  is  acceptable  ir  practice  through 


the  initial  angle  an  Bust  te  egual  tc 


aM  — arcsin 


(C»-j) 

;*-p» 


(10.22) 


It  is  otvious  that  in  this  case  om<M.  a this  Beans  that  the 
range  cf  the  rational  positions  cf  the  rocket  before  its  approach  for 
target/purpose  is  less  than  the  range,  determined  from  the  condition 
cf  the  possibility  of  interception. 


le  investigate  the  cenditiens  cf  the  ercounter  of  the  rocket 

with  target  with  pursuit  guidance.  Pica  foraula  (7.107)  it  is  evident 

that  fer  providing  the  encounter  of  rccket  with  target  it  is 

necessary  to  observe  inequality  p>coao*;  with  this  dr/dt  < o and  value 
r in  the  process  of  guidance  will  decrease. 


* 
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Fig.  10.6.  Schematic  of  the  interception  of  the  rectil inearly 

dr  iving/noving  tar get/purpese  with  p = const  atd  parallel  aethod  of 

approach. 

Page  3S7. 

Per  the  drives  out  target/purpose  frc»  (7.11i:)  it  is  evident 
that  ahen  sin  uu — *0  the  distarce  between  the  rocket  asd  the 
target/purpose  also  vanishes.  Is  clviccs,  r = C ahen  sinan-O 

Per  the  target/purpese,  which  flies  towards,  on  (7.116)  value  r 
decreases  with  tendency  a„  toward  ».  when  an—n  let  us  have  r = 0. 
Let  us  deteraine  the  liaits  cf  the  possible  ncraal  accelerations  of 
the  racket  during  its  approach  for  purpose  according  to  pursuit 
curve.  For  the  driven  cut  target/purpese,  cr  the  basis  of  (7.121), 

with  1 < p < 2 we  will  ettain 

•* 

tr 

lim «,.,== — limisin  y,3-*  \ 1 — cos  y)*  = 0. 

-o  />•* 
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nith  ( = 


--^-Hm(l~j-cosvP= 

pk  7-0 


Kith  p > 2 


A.  ntaSi+SLSf... 

p k 7-e  (*in  t)p~* 


For  the  targe t/pur pcse , which  flies  towards,  on  the  basis  of 
(7.122)  it  is  possible  tc  attain: 


npH  (0  l<p<2  llmj^=0, 

i-°  a 

/»=2  Urn  a„p=  — — £ ; 

npw®  p> 2 lima„=  — oc. 
7-0 

Keys  (1).  with. 


Since  the  real  rocket  with  p > 2 cannct  wove  with  infinite 
ncrwal  accelerations,  tten  during  approach  fee  target/purpose  it  will 
gc  not  along  calculated  trajectory  and  can  lly  wide  of  the  nark. 

Thus,  for  providing  the  reliability  cf  rendezvous  with  ideal  pursuit 
guidance  one  should  have  the  condition 

2>*>1. 


(10.23) 


Pi 


If  Me  by  firing  regulations  exclude  tie  possibility  of  rough 
Maneuvers  of  rocket,  then  also  with  p > 2 it  is  possible  tc  strike 
target/purpose  vith  the  acceptable  sizes  ci  tie  g-force. 

He  investigate  guidance  according  to  tie  aethod  of  coincidence. 

On  the  basis  of  formula  (7.139),  let  us  sake  several 
ccasce/general/total  derivations.  [urigg  tie  approach  of  rocket  for 
target/purpose  rp  it  appiceches  rB  and  ujtn  icndezvous  rp— rB, 
therefore 

Eace  398. 

In  the  case  of  p < 1 vien  at  scae  y possibly  infinite  noraal 
acceleration  of  rocket.  Thus,  during  tie  design  of  rocket  it  is 
necessary  to  observe  ccrditicn  p > 1 .it  tie  sate  tine  «M,  it  is 
directly  proportional  to  the  square  of  target  speed,  gross  with 
increase  in  p and  at  high  values  »a  a*d  p can  render/show  not 
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admitted.  Furthermore,  the  r.craal  acceleration  cf  the  rocket 
inversely  proportional  tc  distance  cf  targe t/perpose  ~Y’=tr"  and  **th 
lev  firing  distances  car  also  render/sbew  exaggerated.  the  enumerated 
factors  liait  the  applicability  of  guidance  aethed  on  three-point 
curved.  As  a rule,  it  is  applied  for  missile  targeting  to 
coaparatively  low-speed  targets,  fer  example  - for  the  antitank 
missiles  (projectiles),  ccntrclled  frCa  fixed  ard  aobile  guidance 
stations.  The  instruaent  realizaticn  cf  thiee-pcint  guidance  method 
are  usually  the  coaoand  methods  of  control  x it  h the  aid  of  radars  or 
wire  communication  lines. 

The  tendency  to  utilize  the  best  properties  also  of  the  coaaand 
methods  of  control  and  hcaing/self-irducticr  led  to  the  appearance  of 
the  ccabined  aethods.  The  trajectory  cf  the  action  of  the  rocket  with 
the  coifcined  method  of  ccrtrcl  consists  of  the  separate  cuts,  which 
ccrrespcnd  to  the  method  of  guidance  accepted  fer  each  of  then.  For 
example,  command  predicted  point  guidance  ctn  te  combined  with 
boaing/self-inducticn  dnirc  the  cc  rstant-tearirg  approach.  For  the 
increase  of  the  accuracy  of  guidance  desirally  acre  possible  smooth 
conjugation  of  the  individual  sectiens  cf  trajectories  not  only  in 
angle  6,  but  also  in  angular  velocity  — . 


lhe  selection  of  one  or  the  other  aethed  cf  control  end  method 
cf  guidance  to  target/purpese  is  cccdocted  in  each  specific  case  by 
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the  design  of  rocket, 
constructed  the  zones 
target/purposes  by  the  projectiles  cf  class  "surface  - air"  and  "air 
- air".  Being  located  at  the  moment  cf  launchicg/start ing  within  the 
zone  of  possible  attacks,  projectile  can  strike  target/purpose.  Kill 
probability  depends  on  the  technical  flight  characteristics  of 
target/purpose  and  rocket,  similar  investigations  are  conducted 
during  ballistic  design. 

Cage  399. 

§4.  Concept  of  the  optimum  solutions  cf  the  problems  of  external 
ballistics. 

Setting  the  most  advantageous  (optimum)  conditions  of  motion  is 
ope  of  the  most  important  and  complex  problems  cf  the  theory  of 
flight.  As  an  example  of  optimum  problem;  it  is  possible  to  give  the 
determination  of  angle  of  departure  at  which  is  reached  the  greatest 
hcrizpntal  flying  range  at  the  assigned  initial  velocity.  The 
cfctaieed  from  these  sine  conditions  is  called  the  angle  of  maximum 
range  VrM1-£ost  simply  the  argle  cf  maximum  range  is  determined  for 
the  parabolic  trajectory  of  motion  (i.e.  if  we  do  not  consider  the 
air  resistance  and  to  accept  g“  - const). 


P AG  £ -W- 

Cn  the  basis  cf  the  study  cf  trajectories,  are 
(spatial  domains)  of  the  possible  attacks  of 
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Let  us  take  formula  (7.5) 


vl  »in  2*0 


Maximum  range  xc=xrm»x  mill  tc  obtained  when  sin2()0“l. 
Consequently,  the  angle  cf  laxiaus  range  ‘8M  =45*. 


A characteristic  example  cf  the  optimal  sclution  is  also  the 

determination  of  the  angle  cf  maximum  range  within  the  limits  cf 

elliptical  theory  when  gT?econ$t.  Figcres  7.5  shows  that  the  maximum 

range  will  answer  the  greatest  value  cf  angle  <pSl  determined  on 

formula  (10.18).  Frcm  Keplerian  egeaticcs  it  is  possible  to  obtain 

the  formula,  which  connects  angles  H>s  and 

I r„r*  sin  2B„ 


tg?5  = 


2 fio#*  — 


(10.25) 


let  us  find  the  maximum  of  furcticn,  differentiate  -7- (igfs)  and 

«*■ 

after  making  its  egual  tc  zero.  After  ccqversicns  we  will  obtain  the 
formula,  which  determines  the  angle  cf  the  aaximum  range: 


sin  0, 


( 10. 26) 


figures  10.7  shows  curve/grapfr  8, au-/(Vi)l  comprised  for  the 
case  r,-/?3 . Pros  curve/graph  it  is  evident  that  at  the  low  initial 
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velocities  the  angle  of  laxitui  range  is  close  tc  45°.  With  an 
increase  in  the  velocity,  tie  angle  cf  aaxitua  range  decreases, 
reaching  zero  at  orkital  velocity. 


Is  of  interest  solution  by  finding  of  the  ainiaua  initial 
velocity  of  the  projectile  cf  the  ccrstant  aass,  necessary  for  the 
cvetcciing  of  the  assigned  flying  range  vitk  krcwn  Problea  is 

reduced,  thus,  to  the  deter rinaticn  of  angle  Vm.  by  uhich  will 
occur  Mnnia-  it  differentiated  eccaticc  (7.20)  for  6„  and  after 
Baking  obtained  expression  equal  tc  zero,  alter  a series  of 
■atheaatical  conversions,  we  will  obtain  the  following  expression: 


(10.27) 


Ihe  trajectory,  which  corresponds  to  angle  6^mv.  calls  the 
trajectory  of  niniaua  speed,  the  dependence  cf  cptiuuu  angle 
cr  range  angle  for  several  values  g^'^  ia  visible  froa  Fig.  1( 


Eage  4C0. 


If  we  consider  air  resistance,  then  prcblea  regarding  the  angle 
cf  laxiauu  range  it  is  net  reived  in  analytical  fora  without 
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sufficient  ary  simplification.  Simplest  path  - consecutive  conducting 
c£  the  large  number  of  trajectory  calcalaticns  ter  different  values 
64  and  graphing  xc «/(8»‘).  Valce  flbr.^  can  be  determined  either  from 
cur  ve/graphs  or  by  reverse/ inverse  interpe  leticc.  Even  for  the  simple 
case  cf  noving  the  body  cf  constant  iass  ir  air  (projectile  cf 
cacncm-type  artillery)  the  angle  cf  laximui  range  depends  not  only  on 
the  initial  velocity,  but  also  cn  lore,  the  Height  and  the  forn  of 
projectile,  united  by  the  formula  cf  ballistic  coefficient.  Figures 
10.9  shows  that  depending  cn  bore  tie  angle  cf  laximum  range  can 
change  over  wide  Units  - ficn  ~30°  tc  -60°.  Great  difficulties  are 
encountered  during  the  determination  cf  the  cptinum  parameters,  which 
ensure  the  greatest  firing  distance  with  tke  ccaplex  trajectories  cf 
the  guided  and  unguided  lissiles  ard  projectiles. 


Bet  us  take  the  cciplex  trajectory  of  the  nnguided  rocket 
projectile  (see  Fig.  0.15.1).  The  ceteninaticr  cf  the  initial  angle 
cf  the  trajectory  of  maxima  range  €0  and  tie  connection  points  of 
jet  engine  (point  N)  in  the  trajectory  cf  tie  utguided  projectile, 
the  passing  in  dense  layers  ataosplere,  repiescrts  by  itself 
molt ip araae trie  complex  pickles.  Ccaplete  distarce  depends  on 
***•  •*.  e#.  *>■»  Jb.  aerodynamic  drag  coefficient  (or  ballistic 
coefficient  cBa).  the  thrtst  P and  of  tke  operatirg  tine  of  engine  on 
the  pi ane  of  trajectory  N - K.  The  distance,  which  corresponds  to  the 
trajectory  phene  f non  point  K to  encounter  with  target,  is  determined 

by  veioes  v*,Kv*  c* 
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Pig.  10.7.  D«p«B4»ica  of  the  angle  ct  laxiati  xange 

velccitj  u> 

(I)  m/e. 

Vwn 


k-W», 


Ii9»  10. 8.  Dependence  cl  cftiaun  initial  acgle  oa  range  angle 

2 9* 


Eagc  *01. 


Thus,  total  distance  will  depend  cn  eleven  cisctete  values  and  tvo 
functions  c,(M)  aad  P ( y) . It  is  cfcvicua  that  the  identification  of 
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parameters,  determining  under  these  conditions  the  greatest  firing 
distance,  represents  by  itself  the  very  lahcricms  problen,  the  only 
lethcd  cf  solution  of  which  - calculation  cl  the  family  of 
trajectories. 

Hith  the  relatively  small  firipg  distances,  characteristic  for 
barrel  artillery  pieces,  total  distarcc  is  determined  in  essence  by 
the  second  inactive  leg.  Ibis  lakes  it  possible  to  simplify 
comparative  calculations  regarding  tie  initial  (gun)  angle  of  maximum 
range. 

Ter  conducting  comparative  calculations,  let  us  make  following 
assu  ■it  ions.  A velocity  increment  for  the  tiie  cf  the  engine 
operation  let  us  determine  from  formula  K.  1.  is iolkovsk iy  and  the 
total  velocity  in  the  ccibired  pcirt  N-K  tc  take  as 

Pk-Ph  + Opu, 

where  Dpn  — velocity,  determined  by  fcriula  K.  f.  Tsiolkovskiy ; 

t)H—  velocity  of  projectile  at  tie  acient  cf  firing  engine. 

Ihe  torgue/moment  cf  firirg  ergine  in  trajectory  let  us  select 
cn  the  angle  of  maximum  range  for  the  seccrc  iractive  leg.  For  medium 
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and  high  calibers  and  icr  velocities  vK,  the  act  exceeding  -600  a/s, 
without  large  error  it  is  pcssible  tc  take  8„«45°. 


let  us  designate  tie  over-all  payload  ratio  of  the  rocket  charge 


threugh 


(10.291 


there  QP—  weight  of  rcckct  charge; 


fi0  - initial  weight  cf  projectile. 


Iben  cn  formula  K.  E.  Isiclkcvskiy  the  velocity 


.'"(nh) 


(10.30) 


Ccnsidering  that  the  factor  of  the  fern  cf  projectile  will  not 
change  with  the  coabusticn  cf  rcckct  charge,  it  is  possible  for  the 


second  passive  section  tc  accept 


(10. 31) 


" m too  m v,n 

fig.  10.9.  Dependence  o i the  angle  of  xaxiata  tang*  on  the 

initial  velocity  and  the  here  c£  picjcctile. 

(l)  mis. 

Face  HC 2. 

With  the  adopted  atsuaptiens  the  iriticl  argle  of  the  trajectory 
cf  aajiiui  range  can  be  found  via  the  ccapariscr  of  the  results  of 
the  calculations,  conducted  eaplcying  fcllcvinc  procedure.  At  the 
assigned  values  v*  Co.  a fer  different  90  as  ca1  ulatel  the  first 
inactive  leg  before  the  achievement  of  point  with  angle  6,-45°.  The 
calculation  of  the  second  passive  section  vith  initial  conditions 
iV"u,+uPH;  eK-e,-45°;  c„  leads  tc  the  deterioration  of  flight 
rajge  xc  Then  calculaticns  are  repeated  with  variation  by  values 
y#.  c*.  Um  Using  the  descrited  procedure,  »e  have  cosprised  the 
tables  of  the  fundanental  characteristics  cl  trajectory,  which 
correspond  tc  the  point  cf  firings  cf  engine  during  which  one  should 
expect  obtaining  firing  distance,  clcse  to  the  greatest.  Tables  gives 


ICC  * 78107114 


PAGE  -rfr- 


gun  angle  o£  elevaticc  - 60; 

the  coordinate  of  the  feint  cf  firing  engice  - xH  and  p«; 

tine  delay  of  firing  engine  cr  the  tine  of  the  notion  of 
prcjectile  on  the  first  inactive  leg  - /«; 

the  velocity  of  projectile  at  the  aoaert  cf  firing  engine  — v«- 

lor  each  of  these  values,  are  ccnpriscc  independent  tables.  The 
entry  into  tables  are  the  values: 

v0  within  the  limits  cf  5C-6CC  */s; 

c0  within  Units  of  0.C-1.5; 

c within  linits  of  C. 0S-0.30. 

fatles  gives  in  appendix. 


Data  points  for  the  ccipilaticn  cf  the  tables  are  designed  by 
the  aethod  of  nunerical  integr atic n.  Ihc  data  cf  tables  can  be  used 
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as  initial  for  the  comparison  cf  the  diverse  variants  of 
trajectories.  Work  on  tables  is  reduced  tc  linear  interpolation  cn 
three  entries. 

It  is  necessary  tc  keep  in  mind  that  tie  curve  *cm«i“/(8o) 
within  the  limits  cf  the  angles,  close  to  these  given  in  tables,  has 
flat  tc  Maxim  machine  gun.  Therefore  is  adaissifcle  certain  deviation 
frea  the  values,  given  in  tables,  since  it  cces  not  lead  to  the 
noticeable  decrease  of  firing  distance.  At  the  lew  values  cQ  and  v0 
value  Xm,  y„  and  tine  they  preve  tc  be  saall  (x„  and  yn~  an 

order  of  several  ten  neters  and  even  it  is  Jess).  These  numerals  are 
given  in  tables  for  the  generality  cf  scluticc  in  all  range  of  the 
intake  parameters.  Taking  into  acccunt  the  ccsplcxity  of  ballistic 
scluticn,  one  ought  not  tc  select  lev  values  tm  Xm  and  y*.  since  in 
this  aase  engine  will  be  included  cn  tie  plus*  cf  trajectory  where 
are  still  ccnsideralle  angular  flutter  speec  and  the  aaplitude  of 
nutaticn  angle,  but  this  will  lead  tc  an  increase  in  scattering 
trajectories.  Furthermore,  engine  «vst  te  included  at  safe  distance 
frci  gun  crew  and  cn  aateriel. 

Cage  4C3. 

the  solution  of  extreue  pcctleis  in  rocket  engineering  beginning 
with  the  so-called  second  task  cf  "sic! kovsliy  which  consists  in  the 
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determination  of  the  la  k c 
velocity  depending  cn  tine 
greatest  height/altitude  c 
Tsicl kevskiy,  the  problem 
without  the  account  of  the 

Besearch  showed  that  fer  the  named  corciticns  the  maximum 
climbirg  range  of  rccket  increases  kith  decreased  time  of  the 
ccabustion  of  the  fuel  reserve.  This  law  is  disrupted  upon 
consideration  of  the  air  resistance  and  variability  of  the 
acceleration  of  gravity  with  height/altituce.  Ard  air  resistance,  and 
gravitational  force  decrease  with  height/altitude;  however,  the 
energy  losses  of  rccket,  caused  by  the  acticn  cf  these  forces,  depend 
cn  different  factors.  The  losses,  which  depend  cn  the  air  resistance, 
are  pxcporticnal  to  certain  rate  cf  speed  cf  action  and  for  their 
decrease  it  is  necessary  tc  approach  tie  limitation  of  flight  speed. 
The  losses,  deterained  ty  the  acticn  cf  g ra \itational  force,  are 
proportional  to  the  tine  cf  motion  and  it  list  he  decreased,  i.e.,  to 
approach  the  decrease  of  the  burn-up  tine  cf  fcel/propellant  and  the 
fastest  achievement  of  larger  flight  speed.  The  version  of  the 
solution  of  problea  during  which  tctal  losses  will  be  smallest, 
determines  optimum  state  cf  aotior  and,  theiefcre,  greatest  climbing 
range  cf  rccket. 


f a change  in  the  mass  of  rocket  and  its 
, with  which  it  is  possible  to  expect  the 
f the  rise  cf  rccket.  In  the  setting  cf 
is  solved  fer  vertical  ascent  of  rocket 
air  resistance  when  g = const. 
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and  flight  conditions.  The  practical  scluticn  cf  this  complex  problem 
ecccunters  great  difficulties.  Ey  especially  cciplex  is  represented 
optimization  according  to  several  metier,  characteristics. 


Usually  are  solved  simpler  prctlems  with  irtroduction  under 
their  conditions  of  supplementary  simplifications.  In  this  respect 
characteristic  are  two  lance  groups  cf  problems  - determining  the 
gecmetric  characteristics  of  optimum  trajectories  under  given 
conditions  of  flight  (engine  power  rating)  and  determination  of 
cptimci  flight  conditions  under  the  assignee  ferm  of  trajectory  or 
the  equivalent  conditions,  specifying  geometric  characteristics.  The 
substantiated  selection  cf  the  optimum  versions  of  the  solution  of 
different  problems  in  rccket  engineering  is  based  on  the  mathematical 
methods  of  variation  calculus. 

Variation  calculus  began  to  be  developed  from  end/lead  the  XVII 
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century.  As  his  the  fourder  rightfully  they  consider  the  member  of 
the  russian  Academy  of  Scieices  cf  1.  Eulei.  The  object/subject  of 
variation  calculus  are  in vesti gatic qs  fcr  tie  extreoun  (maximum  or 
the  mirimui)  of  the  separate  magnitudes,  called  functionals. 

Eage  404. 

Functional  - variable  value  whose  value  is  determined  by  the 
selection  of  one  or  several  functions,  for  example,  the  area  of 
certaic  surface  is  functional,  since  it  is  determined  by  the 
selection  of  the  function,  entering  the  equeticq  of  surface  of  z = 
f(x,  y).  Resistance  of  aedicm  to  the  d rivinc/mc ving  in  it  with  the 
definite  velocity  body  is  also  functicnal,  since  it  depends  on  the 
function,  which  lays  out  cf  the  surface  of  the  eriving/mcv ing  tody. 
Cne  of  the  first  tasks,  solved  the  method  cf  variation  calculus,  was 
the  problem  of  the  curve  cf  the  faster  slope,  tc  the  so-called 
brachistochrone.  In  this  problem  were  required  to  determine  the  form 
plmne  curve,  the  ccnnectirg  two  points,  ar targe/located  on  the 
different  height/altitude,  on  which  the  bocy  would  rcll  down  in 
shortest  tine.  If  we  do  net  consider  resistance  of  medium  and 
fricticn,  then  such  curved  [roves  tc  be  cycloid. 

Let  us  call/nane  the  typical  variatioral  problems  of  rocket 
engineering.  For  the  rockets  of  class  "surface  - air",  "air  - air" 
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and  "air  - surface"  typical  are  brachistrcchrcnc  problems  by  choice  . ] 

cf  the  prograa  of  aoticn,  causing  the  ainiaca  tiae,  necessary  for  I 

flight  froa  point  kith  origin  cccrdirates  y»  and  velocity  vt  to  \ 

point  with  the  final  coordinates  x2  and  y2.  lie  assignment  to 
velocity  v2  in  end  point  consideratly  complicates  solution.  Prcbleas 
can  be  solved  both  for  the  climbing  flight  and  for  dive.  Are  of 
interest  variational  prcbleis  with  the  assigned  final  conditions 
feast  the  ainiaua  fuel  ccrsuapticn. 

for  the  rockets  of  class  "surface  - surface"  the  aost  important 

variaticnal  problem  it  is  pcssible  tc  ccnsicer  the  problem  of  the  > \ 

. I 

selection  of  the  prcgras  of  aaxiaua  range,  for  tallistic  missiles  : 

cptiaaa  solution  is  connected  with  the  selection  of  value  and  line  of 

force  of  the  engine  thrust.  Kith  the  assigned  aagnitude  of  thrust,  | 

| ! 

the  variational  profclen  can  he  brought  to  the  selection  of  the 
prograa  of  pitch  angle,  which  ensures  aaxiaua  flying  distance. 

Setting  the  prograa  of  maximua  range  is  direct-connected  with 
the  prcbleas,  which  appear  during  the  desicn  of  rockets.  One  Of  aost 

\ 

important  is  a guesticc  ccrcerning  setting  cf  the  optiaua 

construction  of  rocket  and  ccnditic ns/aede  cf  its  aotions,  during 

which  the  payload  (or  warhead)  will  he  supplied  up  to  the  assigned  ! 
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between  the  step/stages  of  staged  rccket  arc  engine  power  ratings  of 
each  step/stage.  As  evaluation  criteria  of  solution  is  usually 
received  the  aininua  total  height  cf  rccket*  which  ensures 
satisfaction  of  conditions  for  final  velocity  cr  flying  ranges  of  the 
ncse  acne  cf  the  assigned  weight. 

Eage  4 C5. 

For  winged  missiles  characteristic  variational  problea  it  is 
possible  tc  consider  the  prcblea  cf  the  pregraaaing  of  the  thrust  of 
starting  and  sustainer  engines.  The  prcblea  cf  the  progressing  cf 
thrust  is  also  characteristic  for  the  high-altitude  rockets,  intended 
fer  the  sounding  of  the  ataesphere.  tide  distribution  received 
variational  methods  during  the  optiaizaticr  cf  trajectories  and 
states  of  notion  of  space  vehicles.  Kary  cf  the  naaed  problems  are 
sclved  by  Soviet  scientists  [2],  [11]*  [44],  [45].  Foreign  authors's 
works  are  generalized  in  collection  [24]. 

let  us  examine  the  scheaatic  cf  solution  cf  one  of  the 
variational  problems  of  rccket  engineering.  Let  be  required  to  find 
the  fancticn*  which  deteraires  the  ccnsuapticn  cf  fuel  (change  in  the 
nass  of  the  rocket)  in  tiae*  during  realization  of  which  the 
height/altitude  of  vertical  ascent  cf  rccket  will  be  greatest.  It 
will  see  the  equation  cf  Heshchers k iy  fer  vertical  ascent  cf  rccket 
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(1.9) , after  replacing  for  siaplif icatica  it  tie  investigation  the 
entering  it  sun  of  values  pt—  ii-*OT,  fcj  tera  — w„  where  w,  — const 


effective  discharge  velccit). 


• 

Replacing  also  x ard  t on  v aad  — , let  ea  have 


(10.32) 


Let  the  aass  of  rocket  change  cr  dependence  m—mj,  where  f - 
the  functicn,  which  characterizes  a change  cf  the  ease  of  rocket 
(feel  consuapticn)  in  tie  process  cf  tie  ercine  operation.  In  the 
beginning  cf  notion  f(0)  - 1. 


after  replacing  in  eguation  (10.32)  value  of  a on  n0f  and  after 
dividing  all  the  terns  intc  constant  value  a0#  *e  will  obtain 


J dt  JBdt  mo 


(10.33) 


let  us  conduct  the  replaceaent  cf  varieties,  after  introducing 
the  value  of  the  eleaentary  path  cf  iccket  as 


then 


T a « <s  " " " 45  ! 


f"7s  't  r*'4S  mo 
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After  conversion  and  integration,  we  hill  obtain  expression  for 
the  functional 


* 


(/  + 

if  +~  #<«) 

mo 


(10.34) 


Eage  4C6. 

tie  target/purpose  c£  the  subseouert  solution  - to  find  this 
function  f (v),  with  which  tie  value  cf  integral  will  be  greatest, 
i.(M  to  determine  this  law  cf  mass  charge  fica  velocity,  during 
which  climbing  range  of  the  rocket  will  be  laxisum. 

the  determination  of  this  function  is  called  the  investigation 
cf  integral  for  the  extrenua.  Investigatic r >ust  be  conducted  with 
specific  boundary  conditions;  at  tie  start  cf  tie  studied  segment  the 
velccity  of  rocket  v = v0,  and  of  f * 1,  i. c. , mss  b = ■<* ; at  the 
end  of  the  section  respect!  vsly  and  m-m*.  Iksss  conditions  are 
detersined  by  design  features  cf  tie  type  ir  qecstion  of  rockets. 


the  formulated  problem  of  variation  calculus  is  solved  with  the 
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aid  c|  the  differential  equations  cf  Euler,  which  deteraine  necessary 
the  condition  of  the  extreaui  cf  tie  futcticnal,  which  has  the 
general  vise 

L \y  [x  i)  = ( F Jx,  y ( *).  y 'x\  dx,  ( 10. 35) 

£ 

4f„ 

dy 

where  F - the  assigned  function  of  tte  arguaents  x,  y(x)  and  ■ 

Let  be  found  function  y = f(x),  that  ensures  the  extreaua  of 
functional.  For  the  deterairaticn  cf  ccrditjcps  which  aust  answer 
this  function,  is  introduced  into  exaaicaticr.  carve,  close  to  f (x)  , 
called  the  curve  of  ccnparison.  Function  J,  which  deteraines  the 
curve  cf  the  cowparison  of  the  saae  faaily  cf  curves,  as  f (x) , little 
frca  it  differs 

y=/(jc)+«»y  (x), 

where  t — a low  auaber,  ar.d  6y(x)  ~ the  ertitrary  function,  which 
turns  into  xeco  at  the  end/leads  of  the  interval/gap  of  integration, 
i.«., 

(*.)=»  »F(*i)=0- 


When  (_|  the  difference  tetween  futcticns  6y(x)  = y(x)-y(x) 
is  called  is  terns  of  increase  or  a variation  in  arguaent  y(x)  cf 
fuxcticnal  L [ y (x) 

Understanding  of  variation  (5y)  of  argument  y(x)  of  functional 


■ ■ ' ***7 
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L[y(x)]  it  differs  dsignificantly  from  an  increase  Ax  in 

arguaent  x of  function  f(x).  An  increase  in  the  arguaent  is  connected 

with  a change  in  it  for  tie  assigned  furcticn,  and  variation  6y  is 
iccreaents  of  coordinates  j because  cf  a change  in  the  fera  of  the 
function  at  the  fixed  value  cf  arguxert  x.  In  variation  calculus  it 
is  proven,  that  the  necessary  condition  of  extreaua  is  the  inversion 
in  iwo  variation  in  the  functional.  If  function  f (x)  = F [x,  y (x)  , 
Fxl  within  liaits  from  x0  tc  x,  it  is  sing le-valued,  three  tiaes 
dif f exentiated  it  is  continuous  itself  and  ere  continuous  it  partial 
derivatives,  then  a variation  in  the  functional  it  turns  into  zero, 
if  the  unknown  function  answers  the  eguaticr  of  Euler 


iy 


(10.36) 


Page  407. 

This  condition  is  necessary.  Integral  curve  eguations  of  Euler  y 
= y(xj  Cj,  c2)  are  called  e>treuals.  Crly  cr  extreaals  can  be  reached 
the  extreaua  of  functicral.  Fcr  deteriining  the  function  during  which 
car  be  obtained  the  extreaua,  cne  should  irtegrate  the  equation  of 
Euler.  Arbitrary  constants  are  located  frci  the  boundary  conditions 
y(x0)  * y0  and  y(xt)  * y». 


The  difficulties  of  practical  solstice  ccrsist  in  the  fact  that 
the  differential  equation  cf  Euler  is  seccfd  order  equation  and  its 
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solution  not  always  can  te  obtained  in  final  feta.  If  solution  takes 
the  final  fora,  then  it  is  Bust  it  additionally  to  check  to 
sufficient  conditions.  In  each  specific  prcblea  nust  be  stipulated  or 
scaehc*  additionally  the  delined  class  of  functions  within  limits  of 
which  searches  for  the  extreaal. 


finding  extreaua  fceccaes  coaplicated  fer  the  functionals,  which 
contain  several  functions  of  independent  vaiiahle.  In  this  case  is 
ccaprised  and  is  solved  the  systea  cf  differential  equations,  in 
which  the  nuaber  of  eguatiers  corresponds  to  the  nuaber  of  functions, 
Utilizing  the  aforesaid,  let  us  find  the  extreaua  of  functional 
(1C.34).  In  our  case  the  integrand  takes  the  fera 


f-[  1. 

l"+srH 


(10.37) 


for  a substitution  in  the  eguatic*  of  Euler,  let  us  find 


if  if,  49  \df*  ) 

Key:  <1).  and 


bearing  in  oind  that  variables  are  v,  F (v)  end  function  f,  which 
depend*  on  v,  but  value  g - const.  Ibec 
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Substituting  tight  sides  cf  the  writt et  eqaations  in  (10.36)  and 
■ultiplying  after  subst  itet  icn  everything  k j ,|f^  +iliSLjJ  t we  will 
cktaie 

/-/(«)— ■ (10.38) 


Page  4C8. 

As  a result  of  solution,  is  ettained  tie  eguation  of  extreaal 
during  which  occurs  the  aaxiiua  cf  path  S.  1 he  obtained  dependence 
caqnot  be  directly  used  for  the  solution  cf  cut  problea,  since  we 
obtained  function  f dependirg  cc  the  velocity  cf  the  notion  of  rccket 
v,  bub  the  aajority  of  systeas  cf  equations  describes  the  notion  of 
tbc  rocket  with  independent  fcy  the  variable  t. 

let  us  present 

it  ‘ a=Jv  it 


t 
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and,  after  conducting  tie  appropriate  replacement  in  (10.33),  Me  Mill 


cttaio 


whence 


C(f+fr »') 


[ 10. 39) 


For  taking  of  integral,  it  i«  nccnssai)  tc  substitute  in  it 
tight  side  (10.38)  and  deiitatife  fv,  which  he  hill  preliainarily 
obtain  also  fron  (1C. 38) 

/.-f  (/)-—!— . 

dv  L **  do*  J 


iccepting,  as  tefcre  g = ccrst,  he  will  obtain  fron  (10.39) 


Nothing  fornula  foe  t 


•»-*=*+*  ±* — 


i i 


#<•>+  •• 
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(10.40) 
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At  the  concrete/specif ic/actual  value  cf  function  R (v),  that 
detenines  the  air  resistance,  integral  (1C.4C)  there  can  be  taken 
numerically,  after  which  will  be  determined  the  dependence 
(cvrve/graph)  t (v)  . Dependence  £(v)  is  located  fro*  (10.38)  after 


substitution  into  it  derived 


of  the  ccncrete/specific/actual 


function  R (v) . Having  dependences  f (v)  and  t (v)  , it  is  possible  to 
establish  the  unknown  dependence  f(t),  that  determines  a change  in 
the  mass  of  the  rocket  in  tise,  with  which  the  path  of  the  rocket 
will  be  mazisua.  He  foots  attention  cn  the  tact  that  the  overall 
consumption  of  iass  (f uel/prcpellart)  teaairs  constant,  appears 
itself  cnly  the  optiaua  version  of  its  cxpcrdituce  during  flight.  The 
concrete/specific/actual  fera  of  the  function  i (t) , that  connects  the 
current  and  initial  aasses  cf  the  rccket  \m-mj),  with  the 
stipulated  assumptions  depends  cn  curvc/gcaph,  determining  R(v). 


Page  4C9. 


If  we  introduce  for  R(v)  analytic  function  during  which  there 


T 
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cat  be  taken  integral  in  expression  (1C. 40),  then  dependence  t (v) 

Hill  obtain  final  form.  For  example,  in  [31]  during  the  determination 
of  the  air  resistance  are  accepted  by  constants  air  density  and  drag 
coefficient.  Then  with  p = ccnst  acd  cx»  const  ue  obtain 


R | V I = -y  Qltl  x= 


dR  (u) 
dv 


-2Hv\ 


**(»>  . -a 
dv* 


I! 


Carrying  out  the  replacement  of  functions  under  integral  in 
( 10.40) , let  us  have 


i 


g 


2(r  + v,)dv 
v(t»  + 2ie,) 


(10.41. 


Integration  gives  the  known  formula,  which  connects  time  with 
the  velocity  cf  the  motion  cf  the  rccket 


[ 


v0-  V-W' 


fat'd  (VQ  + gv'r)'! 
v(v+2xrf)  J ‘ 


(10.42) 


Recall  that  this  relatively  siaple  solution  of  variational 
problem  is  obtained  wit  1 assumptions  g = const,  p = const,  c,» 
coast  and  H (v)  = Bv2.  simultaneous  failure  cf  these  assumptions  leads 
tc  the  problem,  virtually  qct  sclvcc  at  present  within  the  framework 
cf  classical  variation  theory. 


In  the  examined  above  example  the  curves  among  which  one  should 
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search  for  the  solutions  cf  variational  prcllea,  had  the 
fixed/recorded  end  points,  determining  integration  limits  of  the 
functicnal.  More  great  possibilities  have  variation  of  solution  under 
alter mating/variable  boundary  ccrditicrs.  liey  frequently  assume  that 
the  end-pcints  are  located  cn  the  specific  lines  or  even  surfaces.  In 
these  cases  the  determination  cf  arbitrary  constants  during  the 
solution  of  the  equation  cf  Euler  requires  supplementary  conditions, 
these  conditions  are  called  transversality  conditions. 

the  extremum  of  functicnal  can  be  reached  cn  extremals  vith 
points  cf  inflection.  Between  points  cf  inflection  separate  smooth 
cuttings  off  must  be  the  integral  curves  cf  the  equation  of  Euler. 

The  coordinates  of  points  ol  inflection  must  satisfy  Weierstrass- 
Erdmann's  supplementary  conditions.  Eesides  these  named,  were 
obtained  the  considerable  prepagatier  ard  ether  necessary  conditions, 
for  example,  of  the  condition  cf  Clebscb,  Jacobi,  etc. 

Page  410. 

■any  cf  the  problems  of  the  optimization  cf  the  states  of  motion 
cf  rockets  can  be  referred  to  the  class  of  the  problems,  called  in 
variaticn  calculus  isoper imetr ic.  This  name  is  appropriated  to  the 
prcblexs,  in  which  is  placed  supplementary  isoperimetr ic  condition  in 
the  form  of  an  auxiliary  furcticral.  As  exaiple  of  the  similar 
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rrcblem  in  the  overall  theory  cf  variation  calculus  to  usually  serve 
problem  for  finding  of  the  cecmetric  iicure  cf  laximum  area  with  the 
assigned  perimeter.  A characteristic  example  of  the  isoper imetric 
problem  of  rccket  dynamics  can  he  cttaired,  after  using  the  given 
above  formulas,  which  describe  vertical  ascent  cf  rocket.  It  is 
necessary  to  supply  supplementary  ccrditioi)  abcut  the  minimization  of 
the  time  of  the  motion  cf  rccket  from  pcint  C tc  point  K,  which  lies 
cd  cf  cirect/straight  vertical  climb.  Cn  the  basis  of  (10. 39),  let  us 
write  expression  for  the  functional,  which  cetetmines  the  minimum 
time  cf  the  motion  of  rccket  frcm  pcint  o tc  pcint  K: 


T (/(«)]* 


f 


(/  + /',»*)*» 

i f + ~ * (v) 

*0 


(10.43) 


Problem  consists  in  finding  of  this  fuccticn  f (v) , that 
determines  the  fuel  consuxpticn,  by  which  the  rccket  will  neve  fro* 
pcint  C into  point  K fer  oirimui  time.  The  irkrewn  function  must 
answer  the  supplementary  cordition,  written  in  accordance  with 
(1C. 34)  and  to  that  deter»ir.ing  the  path  of  rocket  from  point  C to 
pcint  K 


5* 


f 


(/  + »«)«<* 
MO 


(10.44) 
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furthermore,  as  before  must  te  ma 
In  the  beginning  of  the  section  (with 
1;  at  the  end  of  the  section  (at  pcint 
t.e.  the  aass  of  rocket  m—mj.  the  sc 
given  in  [31].  The  fundamental  difficu 
when  solving  variational  problems  by  c 
imperative  need  for  practical  scluticr 
different  approximation  methods,  tc  kb 
f ipite-dif f erence  method,  a Bitz's  set 


intaired  boundary  conditions, 
v = ve)  being  investigated  f = 
f,  with  o-’o *),/-/» 
luticr  of  a similar  problem  is 
lties,  which  are  enccuntered 
lassical  aethods,  and  the 
£ led  tc  the  appearance  of 
ich  can  he  attributed 
bed  aid  a series  of  others. 


Bccently  in  ccnnecticn  with  the  development  of  electronic 
digital  computers  for  the  sduticn  of  variational  problems,  won 
acceptance  the  method  of  dynamic  programming  [64]. 

le  focus  reader's  atterticn  tc  the  fact  that  in  practical  work 
cn  the  creation  of  the  £pccisen/sa i flee  of  rocket  and  ordnance 
theoretical  variational  methods  arc  always  ccmhined  with  design 
stmdy$ags  and  the  comparison  of  the  deaigs/pco jected  specimen/samples 

mith  existing  veil  recommended  tbeeaelves  by  systems. 
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Chapter  XI. 

CCBBFCTICN  FORMULAS  OF  FXIFINAL  EAIL1ST1CS. 

the  basic  problems  cf  external  ballistics,  examined  above,  they 
Here  solved  with  the  initial  data,  ccr respc tdirg  to  technical 
specifications  for  rocket  (projectile)  and  tc  the  characteristics  of 
standard  atmosphere. 

the  trajectory,  designed  at  the  "Dermal"  values  of  its 
specifying  factors  indicated,  is  called  basic  cr  tnat  not  disturbed. 
Cueing  the  description  cf  tie  ccirplex  process  cf  flight  on 
mathematical  means  for  simp  lit icat icn  in  the  calculations,  the  part 
of  the  acting  factors  is  ret  considered,  btt  scae  of  them  are  taken 
by  average  values,  however,  the  conditions  cf  firing  in  the  majerity 
cf  the  cases  differ  frex  calculated  theoretical.  As  an  example  of  the 
nonconformity  of  calculated  and  actual  conditicns,  it  is  convenient 
tc  exile  tc  the  account  cf  the  effect  cf  weather  factors.  As  is 
knevn*  the  problem  cf  exterral  ballistics  is  solved  for  the  normal 
(standard)  atmosphere,  and  the  meteorologies!  conditions  with  firing, 
as  a rule,  differ  from  the  standard.  Calculations  are  conducted  for 
still  air  (dead  calm),  hut  in  actuality  very  frequently  the 
atmosphere  is  not  calm  and  wind  can  substantial  ly  change  the  results 
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cf  firing.  They  affect  the  parameters  cf  trajectory  and  deviation  cf 
ether  weather  factors  frem  their  renal  valtes. 


Desiring  to  establish  effect  cn  tie  trajectory  of  any 
cell/element*  than  not  earlier  era  line/considered,  it  is  necessary  to 
ccmprise  the  new  system  cf  differential  equations,  including  the 
which  interests  us  value.  Fcr  example*  solving  cne  tine  the  system  of 
equations  of  the  motion  cf  the  center  cf  mass  cf  projectile* 
comprised  without  the  acccunt  of  the  curvature  cf  the  Earth  and  its 
rctaticn,  but  for  the  seccrd  time  - comprised  with  their  account*  it 
is  possible  to  rate/estimate  the  effect  of  the  ramed  factors  on  the 
action  characteristic  of  the  center  cf  mass  cf  projectile.  It  is 
necessary  to  comprise  the  new  systems  cf  differential  equations  for 
the  account  of  the  deviatiers  cf  seme  weather  factors*  for  example 
for  the  acccunt  al ternating/ variable  with  respect  to  height/altitude 
acd  wind  direction. 


Pace  412. 


In  macy  instances  the  effect  of  the  perturtsticn  factors  can  be 
considered  without  the  compilation  cf  new  differential  eguations. 
Rost  simple  this  tc  make  when  the  which  interests  us  factor  is 
already  taken  into  acccunt  in  fundamental  differential  eguations  and 
it  is  necessary  to  establish  the  effect  of  its  change  to  the  results 
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cf  caiculaticn  or  firing.  If  the  parameter  ieirg  investigated  changes 
substantially,  then  the  effect  cf  this  chance  tc  the  results  of 
performance  calculation  of  motion  and  trajectory  elements  should  find 
by  the  solution  of  the  basic  system  cf  differectial  equations  with 
the  new  changed  data.  The  comparison  cf  the  results  of  the  solutions, 
cttained  with  those  chanced  and  "renal"  data,  gives  allowance. 

{n  certain  cases  it  proves  tc  be  possible  tc  introduce  into  the 
results  of  the  solution  of  interference  correction  of  the  factors, 
which  do  net  contain  in  tbe  basic  system  cf  differential  equations, 
and  without  comprising  the  new  system  of  equations,  which  includes 
the  which  interests  us  value.  Fcr  example,  effect  on  the  distance  of 
the  fern  of  the  Earth  can  be  established  by  indirect  method  frea 
geometric  considerations,  without  solving  tie  system  of  the 
differential  equations  cf  motion  cf  projectile,  comprised  for  the 
spherical  cr  other  model  cf  tbe  Earth. 

In  practice,  as  a rule,  it  is  necessary  tc  meet  the  small 
deviations  of  the  deteriinirg  parameters  from  their  normal  (drawing 
rooms  and  standard)  values.  In  the  majority  cf  tbe  cases,  the  lew 
deviations  of  parameters  lead  to  small  chances  in  the  trajectory 
elements.  This  makes  it  possible  tc  establish  tbe  effect  of  the 
perturbation  factors  on  tbe  characteristics  of  the  undisturbed 
trajectory  by  determining  tie  corrccticcs  in  these  cell/elements  with 
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the  aid  of  various  short-cut  methods  aoc  dependences.  ’ 

Corrections  are  called  changes  in  the  coticn  characteristics  or  * 

i ■' 

trajectory  elements,  which  correspond  tc  the  deviations  of  its 
deteraining  parameters.  Corrections,  as  a rule,  are  calculated  cn  the  ^ 

motion  characteristics  cf  the  center  cf  mass  of  rocket  or  projectile  i 

fer  any  fixed/recorded  feint  in  the  trajectcry.  figures  11.1  shews 
active  sections  not  disturbed  1 anc  the  disturbed  2 trajectories  of 
the  unguided  rocket.  The  corrections,  which  correspond  to  the 
tergue/aoaent  of  the  end/lead  of  the  engine  operation,  caused  by  the 

f *i 

deviation  of  any  determining  parameter  cr  greup  cf  the  paraaeters, 

t ; 

• , . 

will  be:  bx*—  correction  fer  actual  conditions  into  coordinate  I 

» 

ftjhi—  a correction  coordinate  Jfe;  •«>■—  a correction  into  the 

I 

velocity  of  the  motion  cf  the  center  of  mass  cf  projectile;  W«— 
correction  during  the  operation  of  engine  erd  sc  forth 

| , 

i 

1 ' 

1 ’j 
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fig.  11.1.  A change  in  the  trajectcry  cf  the  action  of  the  center  of 
■a££  cf  rocket  because  cf  a change  in  the  cetertining  parameter:  1 - 
undisturbed  trajectcry;  2 - distorted  trajectory. 


Page  413. 


Corrections  can  also  te  determined  for  the  point,  assigned  by 
any  action  characteristic  (ty  tine,  velocity,  the  abscissa,  ordinate, 
etc.)*  identical  fee  basic  erd  that  agitated  cf  trajectories.  For 
example,  tc  point  b of  the  undisturbed  trajectcry  froa  the  condition 
cf  the  constancy  of  flight  tine  will  ccrrespcnc  point  e cf  the 
trajectory  of  the  disturbed  notice;  ic  this  case,  corrections  for  a 
trajectory  in  point  b will  be  values  a*,,  by,,  be,  and  so  forth.  Curing 
the  assignaent  of  condition  y = const  tc  feint  a corresponds  point  c 
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and  Iqt  a trajectory  at  point  a we  will  obtain  corrections  6x„, 

fiOff,  46k  • ■ • 

if  we  take  condition  x = const,  then  tc  feint  a corresponds 
point  d,  moreover  corrections  for  a trajectory  in  point  a are  equal 
to  '6yx.  6vx,  Mx  and  the  like.  For  tie  projectiles  of  barrel 
terrestrial  artillery  and  surf ace-tc-surf ace  aissiles  usually  is 
deternined  correction  into  complete  firing  distance  and  the  deviation 
ci  the  inpact  point  in  the  projectile  ir  sice  direction.  When 
conducting  of  direct/straight  ballistic  calculations,  i.  e. , during 
the  solution  of  the  first  problem  cf  extertal  lallistics,  correction 
they  are  introduced  intc  the  cell/eleiects  cf  the  undisturbed 
trajectory,  designed  under  standard  conditions  (drawing  rooms  and 
meteorological) . During  processing  cf  the  results  of  the  firings, 
obtained  under  actual  conditions,  the  ccrrecticrs  are  introduced  into 
experimental  data  with  the  fact  in  order  tc  leac  then  to  standard 
conditions. 

In  the  latter  case  the  sign  cl  ccxiecticn  will  be 
reverse/inverse  to  the  sign,  determined  whet  ccrducting  cf 
direct/straight  ballistic  calculations. 


§1.  Correcting  foraulas  and  correction  factcrs 
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In  general  fora,  fct  tit  trajectory  eleaent  either  loticn 
characteristic  it  is  possible  tc  write 

i4-/(l>.b.U  Oil) 

where  A - a trajectory  elexent  cr  action  c ter acter istic; 

b — « specifying  parameter. 

The  deviations  of  the  parameters  fros  ccsputed  values, 
designated  tfe,  6U.  will  cause  a charge  in  the  trajectory 

closest  A which  let  us  cesicnate  6 A . Ir  acccrdance  with  the 
ccaicn/general/total  fctaula  of  series  expaisicr  of  Taylor,  the 
correction  will  be  determined  ty  fcraula  (6.11).  The  nuaber  of  terms 
cl  expansion,  held  in  calculations,  depends  cc  the  required  accuracy 
cl  the  detersinaticn  of  correction,  nest  frequently  during  the 
soluticn  of  the  practical  problems  cf  the  theory  of  corrections,  hold 
the  linear  terns  of  expansicn.  The  ettained  with  this  foraula 
corresponds  to  the  foraula  cf  total  differential  froa  functional 
dependence  (11.1). 

Fage  414. 

If  cne  assuaes  that  the  paraaeters,  united  ly  functional  dependence 
(11. 1j,  do  not  depend  cn  each  ether  and  in  the 


lorsula  of  total 


w 
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differential  inf in i tesi ial  increases  tc  replace  with  certainly  lew, 
then  it  is  possible  to  cltain 

*,+*£*.+  (11.2) 

0*1  0*2 

In  last/latter  forsula  are  r.ct  considered  tie  teras  of  expansion  of 
higher  orders,  than  the  first.  The  error  ir  ccjcrete/speci fic/actual 
calculations,  which  depends  on  neglect  cf  tie  reaainders  of 
expansion,  is  deterained  by  special  investigations. 

Correcting  fornulas  cf  type  (11.2)  are  called  differential,  and 
the  specific  by  then  values  6A  are  celled  tie  corrections,  calculated 
according  to  the  method  cf  differentials. 

Ballistic  derivatives  — in  tie  theory  of  corrections 

o*i  Oil 

are  called  correction  factors  for  a cell/eleiert  A of  trajectory  to 
tie  deviation  of  the  paraaeter  g,.  The  correction  factor  (ballistic 
derivative)  it  is  numerical  equal  tc  a chance  ir  the  trajectory 
eleaeot  in  question  with  an  increase  in  the  corresponding  determining 
paraaeter  by  the  unit  of  its  aeasureaent  accepted.  In  the  theory  of 
the  corrections  of  canncn-type  artillery  the  ccrrection  factors, 
which  characterize  changes  in  the  distance  curicg  the  deviations  of 
ballistic  coefficient  *xc  the  initial  velocity  — ^ and  angle 

ix  * ** 

cf  departure  — — is  conventionally  designated  as  basic 
correction  coefficients. 
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Is  an  example  let  cs  exasine  obtaining  ccicecting  formulas  for  a 
complete  hcrizcntal  firing  cistarce  from  artillery  piece  under 
corditions  of  the  vacuus.  Ir.  the  rased  case  complete  distance  to  be 
determined,  as  is  known,  by  dependence  (7.5) 


•£ata  Mg 


He  will  obtain  correcting  forsula  taking  into  account  the  terms 
cf  the  expansion  of  the  first  and  second  orders.  Taking  into  account 
that  in  the  last/latter  forsula  cnly  twe  arguments  (v0  and  60)  , in 
general  designations  on  (8.11)  let  us  have 

+il[.*r  <v+2  JjL  (Wj  /ft.  » <a* 


Cage  *15. 


In  the  designations  cf  formula  (7.5)  we  will  obtain 
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evening  the  values  of  partial  derivatives,  let  vs  have 

K,c  , **"*  '*•  »,.+  + + 

+ (11.4) 


last/latter  three  terms  are  determined  fcy  quadratic  terms  of 
expansion  and  are  the  values  of  the  higher  erdet  of  smallness,  than 
tme  first,  determined  by  the  linear  terxs  ci  expansion.  In  the 
majority  of  the  cases,  ate  utilized  cnly  liseax  terms  and  correction 


is  determined  so 


(115) 


mhere  the  ballistic  derivatives  (ccrrecticn  factors)  are  equal  to 


2wa  rta  2Vp  . ^ ^ 

**  C *•#  t 


(11.6) 


Having  a value  of  correction  factor,  it  is  easy  to  find 
correction  in  equivalent  ccipccent  cf  the  tiajectory 


(11.7) 
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It  one  assumes  that  changes  crly  iritial  velocity,  then 


(11.8) 


Btilizing  (7.5)  and  first  fcnula  ( 1 1.4)  , tie  will  obtain 


.2-5 a., 

n 


i.e.  with  the  assumptions,  khich  correspond  tc  parabolic  theory,  the 


lev  relative  deflection  cf  the  initial  velocity  causes  the  doubled 


relative  change  in  the  distance.  Proceeding  ir  like  manner,  it  is 


pcesible  tc  obtain  correcting  formulas  alsc  fcr  ether  cell/elements 


cf  the  trajectory. 


I* 
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Fage  4 16. 

The  derivation  of  the  formulas  cf  corrections  and  formula  of 
ballistic  derived  fcr  trajectories  different  types  of  rockets  and 
projectiles  is  considerably  acre  ccuplex  than  this  is  shown  higher 
based  cn  simple  example,  anc  it  requires  special  methods. 

§2.  Qualitative  effect  cf  the  determining  parameters  and  the  signs 
ballistic  derivatives. 


the 


cf 


3he  sign  of  ballistic  derivative  (correcticn  factor)  for  the 
complete  flight  distance  cf  the  prcjectiles  cf  rccket  and  artillery 
pieces  is  set  depending  cn  the  effect  cf  an  increase  in  the 
determining  parameter  by  firing  distance.  If  at  increase  in  the 
parameter  leads  to  an  increase  in  the  firing  distance,  then 
correction  factor  has  positive  value;  if  firing  distance  decreases 
Kith  an  increase  in  the  determining  parameter,  then  correcting 
ccefficient  has  negative  sign.  In  aary  instances  the  sign  cf 
ccrrection  factor  can  be  established  that  cr  the  basis  of  the 
gualitative  effect  of  the  parameter  cn  distance,  before  conducting  of 


ECC  * 78107115 


F1GJ  T 


calculations  according  tc  its  deterainatic 3 . 


Let  us  conduct  qualitative  analysis  recarcing  the  signs  of  basic 
correction  factors.  The  initial  velocity  of  the  unguided  projectile 
cf  constant  mass  - artillery  shell  and  the  velccity  cf  nose  cone  in 
the  beginning  of  inactive  leg  they  are  soae  cf  the  basic  parameters, 
which  estimate  distance  cf  firing.  With  an  increase  in  the  initial 
velocity,  the  distance  crews;  therefere  collection  factor  has 
positive  value.  For  rockets  with  irclined  start,  the  velocity  cf 
descent  from  starter  (tie  iritial  velocity)  is,  as  a rule,  small  the 
part  cf  the  velocity  of  the  center  of  mass  cf  prcjectile  at  the  end 
cf  powered  flight  trajectory  — »*•  ir  increase  in  the  velocity  cf 
descent  from  guides  leads  to  increase  cf  the  ordinates  of  an  entire 
trajectory  and  an  increase  u*.  Thus  ether  conditions  being  equal  an 
increase  in  the  initial  velccity  of  prcjectile  leads  to  an  increase 
in  the  firing  distance,  therefore,  — £->0. 


the  lift-drag  ratios  cf  projectile  affect  the  firing  distance 
through  the  area  of  oidsection  S acd  the  drsg  coefficient  c,(M).  An 
increase  in  the  aidsecticc  end  an  iccrease  in  the  integral  value  of 
drag  coefficient  ?«(M)  for  the  tine  cf  metier  along  trajectory  will 
lead  tc  the  decrease  of  firing  distance. 


Jt  is  obvious  that 
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Page  417. 

If  Me  substitute  (2.95)  intc  the  egaatics 

it  m 

that  Me  will  obtain 


Yt cH(y)F^-g%i nfl. 

Besignating  integral  characteristics  fee  the  tine  of  the  action 
cf  projectile  along  tra^ectcry  through  H(y)  and  F(v),  let  us  have 


for  the  projectiles  cf  the  constant  sans  c = const  aqd  one  of 
the  basic  correction  factors  =!<«. 


Bcr  the  unguided  projectiles  cf  variable  end  constant  nass, 
initial  angle  of  departcre  is  ere  cf  the  baric  deteraining 
parameters.  The  angle  of  arrival  in  the  becinnirg  of  the  inactive  leg 
of  unguided  rocket  flight  alsc  sigrif icaqtl j affects  the  firing 
distance.  Fig.  11.2  shows  the  dependence  of  ccapiete  distance  *c  os 
angle  fly  and  the  dependence  cf  ccrrection  facter  ^ os  initial 


mmm  ,l  l a.—  j 
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Fig-  11.2.  Curve/graph  cf  a change  cf  the  correction  factor  — 
ic  functicn  from  initial  angle  cf  departure. 

Page  418. 

If  is  lessee  than  the  angle  of  xaxiaun  tancc,  then  is  correction 

factor  -^->0,  if  4k  acre  angle  6.aai,  then  — £<o.  In  general  fora 

dx 

it  is  possible  to  write  — £.^0.  Ibe  sign  oi  coefficient  changes  in 

the  dependence  from  value  0B  ana  the  angle  cf  laxiaua  ran  ge 

Cf  ti$e  fixed/recorded  initial  velocity  »■  correcting 
dx 

coefficient  — £-=0  corresponds  tc  laxiiua  range  and  angle  of 

dig 

departrre,  with  which  this  distance  is  obtained.  Bith  firing  with  the 
angles,  close  to  the  argle  cf  maxivua  disterce  stall  changes  in  the 
angle  ta  barely  affect  the  firing  distance. 


The  cell/eleaents  cf  the  end/lead  cf  pewezed  flight  trajectory 
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x*,  lh i.  »K  and  0,  can  be  accepted  as  the  independent  parameters,  which 
estimate  distance  of  firing.  Effect  vn  and  0*  cn  firing  distarce 
the  projectiles  of  constant  iass  is  examined  afccva.  An  increase  in 
the  abscissa  of  powered  flight  trajectory  xK  when  y*— const  displaces 
trajectory  to  the  right;  with  this  aE  increase  x,  and  firing 

dx  - 

distacces  xc  are  equal,  i .c  . , — £ — 1. 

W( 

An  increase  in  the  erdinate  y«  leads  tc  ar  increase  of  the 

distance  as  a result  of  the  action  cf  iccket  ic  the  higher  and  less 

dense  layers  of  atmosphere  and  certain  elcncaticn  of  final 

Ar. 

trajectory.  Correction  factcr-7i>0. 

A change  in  the  aass  cf  projectile  affects  differently  the 
filing  distance.  For  the  projectiles  cf  ccfstant  aass  fron  equation 
= -X/a  - g sin  6 is  evident  that  with  an  increase  in  the  aass 
decreases  the  acceleraticn  cf  projectile  frea  the  air  resistance  X/a, 
the  velocity  of  projectile  decreases  acre  slcwly  and  firing  distance 
increases;  consequently # 

£>o- 

the  artillery  shell  of  saaller  weight  tnder  the  identical 
cccditicns  of  throwing  (identical  chance)  fica  instrument  obtains 
high  initial  velocity  v0.  However,  in  flight  light/lung  projectile 
faster  loses  its  velocity  than  identical  tc  it  in  fora  heavy 
prcjectile.  the  total  elfect  of  a chance  is  the  aass  (weight)  cf 


<• 
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projectile  tc  firing  distance  frcn  artillery  instrument  is  set  by  the 
special  correcting  foracla  (see  fritter). 


Ea^e  419. 


Per  rockets  on  powered  flight  trajectory 

i~£=2—  ,.i«< 

■ 

with  E > x with  an  increase  in  the  e at*,  the  acceleration  decreases, 
which,  other  conditions  heirs  equal,  will  trine  to  saaller  »«.  and, 
ccfseguently,  also  to  saaller  distance.  Thus,  the  sign  of  correcticn 
factor  aust  te  determined  dtrieg  calculatict  according  to 
ccncrete/specif ic/actual  data. 


A change  in  the  weather  factors  will  ertail  a change  in  the  air 
resistance.  An  increase  in  the  air  dersity  increases  velocity  head 
and  decreases  firing  distance;  conceguectly , 


An  increase  of  the  kaccaetric  pressure  at  launch  point  and  in 
trajectory  leads,  in  accordance  with  (2.45),  tc  an  increase  in  the 
air  density;  consequently. 


— £-<o  and_l£.<0. 

**o  **. 
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Complex  proves  to  be  tie  temperature  elfect  of  air  on  firing 
distance.  In  accordance  kith  (2.45)  an  increase  in  the  temperature 
leads  to  the  decrease  cf  air  density,  simultaneously  an  increase  r 
leads  to  an  increase  in  the  speed  cf  scuqd  in  air  and  a change  in 
Hach  amber.  An  increase  in  Mach  number  car  lead  to  an  increase  cf 
function  Cs(M)  in  the  ranee  cf  ircrease  curve  c,(M),  and  can  give 
decrease  c,(M)  on  descending  leg  cf  a curve  c,(M).  The  temperature 
effect  cf  air  on  firing  distance  and,  consequently,  also  the  sign  cf 
correction  factor  they  are  set  fer  artillery  projectiles  of  constant 
mass  cn  correcting  formulas  and  special  tables;  fer  rockets  - by  one 
cf  the  methods,  presented  below. 


Fer 

variable 


the  gyroscopical ly 
mass,  the  tailwind 


stable  projectiles  cf  constant  and 
increases  firifg  distance  and 


§3.  Methods  of  calculating  the  corrections  and  cf  ballistic 


derivatives 


DOC  * 78107115 


i 


She  methods  of  determining  of  ballistic  derivatives  and 
corrections  substantially  change  depending  cn  the  form  of  trajectory 
and  designation/purpose  of  calculation. 

Eage  420. 

find  a use  method  of  the  direct/straight  solution  of  the  systems  of 
differential  eguatiens  cf  motion,  method  of  the  solution  of  the 
differential  equations  ct  corrections,  method  cf  calculating  the 
corrections  with  the  aic  cf  the  ccp jugated/ccmbined  system  of 
eguatiens,  method  of  determining  the  corrections  with  the  aid  of  the 
law  of  similarity  cf  trajectories,  different  analytical  methods  of 
calculating  cf  corrections  and  the  correction  factors,  difference  and 
tabular  methods.  For  the  complex  trajectories,  subdivided  during 
calculations  into  individual  sections  (for  example,  active  and 
passive  the  controlled  end  unguided  flight)  proves  tc  be  advisable 
the  application/use  of  different  combined  methods. 

3.1.  Determination  of  ccrrecticns  and  ccrrecticr  factors  by  the 
integration  of  the  systems  cf  eguatiens  of  motion. 

Method  is  applied  during  a substantial  charge  in  the  parameter, 
which  determines  the  trajectory  element  beitg  investigated,  or  if 
necessary  to  determine  ccrrccticn  fer  the  parameter,  which  does  not 


J 
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contain  iq  the  basic  system  cf  equations,  comprised  for  the 
undisturbed  trajectory. 


In  the  first  case  tasic  systen  is  solved  with  n the  discrete 
values  of  the  determining  parameter  cr  at  r tie  functional 
dependences,  correction  fee  change  ir  which  it  is  possible  to 
determine.  Let,  for  example,  as  a result  of  st r uttural/des ign  changes 
in  exterior  ferm  of  rocket  cr  its  ccnticl  c igar/controls  change  the 
fern  cf  the  curve/graphs  cf  drag  ccefficiect.  let  us  designate 
fuEcticnal  dependence  fer  tie  undisturled  trajectory  cx  (H,  Be)  and 
fer  the  missile  trajectcry  cf  the  chanced  fern  c* <H,  Re) . For 
determining  the  effect  of  a change  in  the  ferm  cf  rochet  to  the 
cell/elements  of  the  end/leed  cf  peweted  flight  trajectory,  we  will 
use  the  system  of  equations  (3.59),  after  directing  thrust  along  the 
axis  cf  rocket  and  after  drcp/cmittirg  contrcl  forces.  For  the 
undisturbed  trajectory  the  system  can  k«  solve c at  the  values 

X-lScM(M,  Re*  r-fSe;(M,  Re) a.  (11.9) 

For  the  rocket  whose  form  changed, 

*/-f&,,(Mt  Re*  Y Re) e (11.10) 

system  of  eguations  will  take  the  feta 


p—e sint;  Jr»vcoal|  m— m(/*  «—•„(<)—•■  J 

If  during  a change  in  the  fora  cf  the  rcckct  (or  the 


ccfstxucticn  of  control  devices)  besides  X ere  1 changes  even  axial 


I 

t 

t 
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component  of  the  engine  thrust,  then  during  the  solution  of 
last/latter  systea  cne  should  use  the  changed  dependence  Pi-  The 
comparison  of  the  results  cf  solutions  for  the  undisturbed  and 
disturbed  trajectories  will  give  allowance  lor  a change  in  the  fora 
cf  rooket  (its  aercdynaaic  characteristics). 

Cage  921. 

Are  possible  the  cases,  when  the  parameter,  which  determines  the 
acticn  characteristics  cf  rocket,  is  net  produced  change  other 
initial  conditions  of  basic  system  cf  eguatiens.  For  example,  let 
with  the  firing  the  unguided  rocket  charge  the  angle  of  departure  0O. 
In  this  case  the  corres  (c  rd  ing  systea  cf  aerations  - (3.80)  or  (3.81) 
- is  solved  the  necessary  number  once  at  the  changed  values  8«.  The 
number  cf  solutions  depends  on  the  boundaries  cf  change  0O  and  of  the 
character  of  value  being  investigated  change  depending  on  0O.  If 

changes  smoothly  and  within  the  limits  cf  the  section  being 
investigated  froa  8m  tc  8*<+n  this  dependence  can  be  accepted  for 
linear,  are  sufficient  two  scluticrs  at  the  extreme  values  0O.  If 
third  scluticn,  which  corresponds,  approximately,  to  the  middle  of 
interval  0O,  will  give  noticeable  deviaticr  free  straight  line,  then 
the  naaber  of  solutions  nest  be  increased,  lie  constructed  according 
to  the  raaalta  of  scluticns  curve/graph  or  the  smoothed  tabular 
dependence  *c"/(0»)  will  make  it  possible  tc  determine  correcticn  for 


S 
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distance  Ajcc,  corresponding  tc  the  deviatior  of  angle  of  departure 
A6„.  if  The  advantage  of  the  described  method  is  the  possibility  of 
the  account  of  mutual  and  irdirect  effect  cr  the  allowance  of  a 
change  in  the  values,  which  depend  cn  the  deviation  of  the  basic 
paraaeter  and  presented  in  basic  system  difierertial  equations, 
furthermore,  aethod  makes  it  pcssible  tc  determine  corrections  for 
each  ccmputed  motion  characteristic  ir  any  assigned  point  in  the 
trajectory. 


The  determination  cf  correction  factors  according  to  the  results 
cf  the  solutions  of  the  differential  equations  cf  notion  of  the 
center  cf  aass  is  expedient  when  the  dependence  of  the  value  being 
investigated  from  the  determining  parameter  car  be  accepted  as  linear 
within  the  limits  cf  the  expected  charge  ir  the  determining 
paraaeter.  In  this  case  at  first  the  system  cf  eguations  is 
integrated  under  standard  ccnditicrs  and  fet  a second  tine  - at  the 
changed  value  of  the  paraaeter  whose  effect  is  investigated.  After 
this  is  computed  the  urkncwr  correction  factcr.  for  example,  for 
determination  correcticn  factor.  Fcr  example,  fer  determining  the 
ccrcection  factor  into  the  tiring  distance  cf  lerrel  system  to  the 
deviation  of  the  initial  velocity  is  must  tj  the  solution  of  the 
corresponding  system  of  equations  to  find  firieg  distance  at  value 
v0,  accepted  as  normal,  and  with  v0|  = v0  ♦ Av0,  after  which  to  find 
the  correcticn  factor 
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this  sethod  requires  conducting  calculations  with  high  accuracy  (i.e. 
ty  the  provision  for  a large  quantity  c£  accurate  significant 
digits) , since  with  low  Ax0  are  possible  the  large  errors  in  the 
detersinaticn  of  difference  and#  therefore,  correction 

factor. 

Page  <122. 


figures  11.3  gives  examples  of  the  graph/diagrams  of  the 

At 

dependences  — on  v0  fcr  a tarrel  systes.  Eton  curve/graphs  it 
is  evident  that  the  value  cf  correction  factor  can  depend 
substantially  on  the  determining  paraseter  and  the  use  of  discrete 
values  cf  correction  factors  is  adiissitle  crly  within  the  narrow 
liait  cf  a change  in  the  determining  parameters. 

the  systen  of  equations,  which  describes  tbe  undisturbed  notion, 
and  the  systen  of  eguaticns,  written  taking  intc  account  the 
perturbation  factors,  they  lust  be  comprised  depending  on  specific 
pr.cblea.  The  systems  of  equations,  comprised  with  the  frequently 
utilised  assuaptions,  are  obtained  in  chapter  111.  The  perturbation 
factors  can  be  represented  in  the  fern  cf  additional  accelerations 
along  the  axes  of  the  coordinates,  in  which  is  coaprised  basic  systen 
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c £ equations.  For  the  inactive  legs  of  the  unguided  rockets  and 
trajectories  of  artillery  shells  with  independent 
alternating/variable  t (time)  as  tbe  systet  of  equations,  which 
describes  the  undisturbed  flight,  cat  he  undertaken  system  (5.7)  with 
the  addition  cf  one  equation,  which  describes  action  in  side 
direction  along  coordinate  x 

x~—Ex % y^-Ey-g;  z=~—Ez.  (11.13) 

The  additional  accelerations  alcng  the  axes,  caused  by  the 

effect  of  the  perturbation  factor,  let  us  cesictate  respectively 
*f«»asd*«-  Then  the  system  cf  equations,  written  in  general  form 
taking  into  account  the  influence  cf  the  perturbation  factor,  will 
take  the  form 

x——  £i+a^  jj**  — Ey— g+tyi  £■«— £*+«,.(  11.14) 

For  example,  with  the  wish  to  consider  the  rotational  effect  of  the 
Earth  cn  rocket  flight,  it  is  necessary  to  compare  (2.33),  (2.  35)  and 

(3.75).  After  conpaciscp  we  will  citaip 

•jr-Sftc— 2Ce,;  0;  i,-lfte+2fivr 

Bor  the  systens  in  which  on  tbe  left  side  cf  the  equations  do 
net  stand  directly  the  acceleration,  tbe  tens,  which  consider  the 
perturbation  factors,  will  be  different  frea  *«.  s*  and*,. 


ECC  - 78107115 


ttQl 


0 200  *00  600  too  Vo  iytp^ 


fig.  11.3.  Curve/graphs  jjr  —/<*>•)  for  the  tarrel  system  whose 

projectile  has  the  ballistic  coefficient  cl  c = 0.2:  1 - at  60  = 25°; 


2 - at  fln  = 55°. 


Key:  (1).  m/  (m/s)  . (2).  #/£. 


Fage  423. 

For  example,  with  independence  alternating/ variable  x as  the  system 
cf  equations,  which  descrites  the  undisturbed  flight,  let  us  take 


system  (5.8) 


Ihe  system  of  equations  written  taking  intc  account  the 
pertuctaticn  factors,  will  take  the  fees 

/>- 1.  (U.15) 

lie  convert  values  u\  and  p]  with  consideration  of  (11.14) 

-£+-^; 

PlPtlH\T)i7 • 
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Hemembering  that  5 = u and  by  utilizing  the  first  two  equations 
cf  system  (11.14),  we  will  obtain 

Ihws,  free  the  comparison  of  the  obtained  equations  with  (11.15)  we 
ta  ve 


andL  (H.  ») 


fer  example,  for  a planar  trajectory  tbe  terms,  which  consider 
correction  for  a change  in  value  ard  direction  cf  the  acceleration  of 
gravity  in  accordance  with  [$}  are  approximately  egual  to 

^ anoL  (11.17) 

3.2.  Differential  eguatiens  cf  corrections. 

-In  the  case  of  the  low  deviations  cf  tbe  determining  parameters, 
the  correction  factors  can  be  determined  during  the  solution  of 
differential  eguations  cf  ccrrecticcs.  For  the  ccapilatioq  of  the 
eguatiens  cf  corrections,  we  will  use  the  general  method  of  the 
linearization  of  the  differential  eguations,  which  describe  tbe 
motion  of  the  center  of  mass  of  rocket  cr  projectile  (Chapter  VIII). 
Gsualiy  are  considered  only  first  aemhers  ct  expansion  in  Taylcr 
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secies  and  then  for  the  linearizat icn  cf  eciaticns,  it  is  possible  to 
use  fpraula  (4.75).  the  iasic  systei  cf  differential  equations  is 
selected  depending  cn  specific  prctlei. 

Ease  424. 

As  an  example  we  will  obtain  the  differenticl  equations  of 
corrections  for  the  powered  flight  trajectory  cf  the  unguided  rocket. 
In  the  earned  case  we  utilize  a systei  cf  equations  (3.79) 

--—X-  — g sin  th,  #=*_€“•?;  rsinf;  Jc»vcosl. 

M V 

let  us  designate  right  part  one  cquabicn  through  a.  and  will 

discover  the  entering  it  values.  Let  is  consider  that  the  drag 
coefficient  depends  only  frcm  Mach  nuiter  scd  dees  not  change  with 
height/altitude.  Let  us  alsc  assume  that  fer  design  data  point  in  the 
trajectory  a change  in  thrvst  P dees  net  depend  cn  change  in  altitude 
J 

[UlAg-^feiM-gsint]. 

last/latter  equality  can  be  rewritten  in  the  ferw  of  the  functional 
de pendence 

«•— A*  S,  «.  | m |). 

Designating  right  Eart  Two  aquatics  through  at.  let  us  write  the 
functional  dependence 


'3 


: 


Entering  similarly,  we  can  write  for  tie  third  and  fourth 


*1*  fth  ft! 
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•w-fc' 


£[*<*•>+ f* 

2'  a,’,~^=:  —8costl 

4;  Sf 

«•  +>-$ r~H‘ 


1. 


_da»  _ 

} de 

m 

« 

_da»_ 

i 

^ dcx 

m 

MM) 

6.  &vcx  = 


7 - *». 

'•  avm‘~A- 


P — X 1 


*UI  aT^T  |m|  L*  + * 1 * /J * 

» da,  a cos  8 


9.  a9c= 

10.  a,»= 

11.  ayv-. 

12.  <r„= 

13-  «jrw= 

14.  a^= 


_ pg8  gco«8. 

dp  * 

__  ag,  __  g Bin  8 , 
d8  v * 

=x=^s=ssin  6; 

dv 

= = v cos  8; 

=§_co»«i 

dv 

—^~r=  — tisin  6. 

OV 


After  this  the  systea  cf  the  differential  equations  of 
corrections  cr  as  occasionally  referred  to  as,  aystea  of  equations  in 
deviations  let  us  write  in  this  fcri: 


~ (•»)— a^v +«*»  +«e>»+*wM  +«•»,** + 


(11.21) 


(ft*)— 
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Page  426. 

S y stea  of  equations  in  deviations  with  independent 
alternating/variable  t,  suitable  fci  the  calculation  of  corrections 
and  correction  factors  fee  passive  phases  cf  trajectories  of  the 
unguided  rockets  and  trajectories  of  the  projectiles  of  barrel 
systems,  we  will  obtain  ficn  sjstex  of  equatiers  (11.21).  Mith  the 
constant  aass  of  projectile  P = Jt  = ji|  = 0 and  the  first  equation  of 
systea  (11.19)  can  be  written  thus: 

Respectively  in  the  formulas  of  coefficients  (11.20)  it  is  necessary 
tc  take 


and  in  the  first,  third,  by  the  heel,  the  sixth  formulas  to  equate  a 
• n0.  The  regaining  foriulas  of  coefficients  will  remain  without 
change.  The  system  cf  the  differential  equations  of  corrections 
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taking  into  account  this  sill  take  the  iota 

“■  (»®)— «^»w+o^ll+«wl^+sn|9-|. 

+ovtjtcJI+avmfimt 
■£■(»  )=*a*»v+a,tM; 


(11.22) 


— (ty)=-a„ko +<**«•; 

a«  will  obtain  tha  system  of  equations  in  deviations,  suitable 
for  determining  the  corrections  into  tie  trajectory  elements  of  the 
projectiles  cf  constant  mass  with  independert  alternating/variable  z. 
As  basic  system  let  us  take  system  (5.E),  vtich  describes  the  metien 
of  the  center  of  mass  of  artillery  shell  cr  unguided  rocket  on 
inactive  leg  in  the  dense  layers  of  the  atncspkere 

«; El  P\ £;  4— 17. 

let  us  recall  that  c//,(y)  (?(«,),  where 

Since  //,»/(y)  and  r * the  E * f(u,  p,  y)  . 


Page  »27. 


let  us  designate  by  analogy  with  previous 


and  tins 


p . y*  «,-/.(**  «#-/»(#);  «!-/•(«). 


The  values  of  tallistic  derivatives  let  us  find,  utilizing  (5.6)  [ 

and  (11.23).  Differentiating  f on  o,  frca  (5.6)  we  will  obtain 

(11.24) 

Bultiplying  numerator  and  dencsinatgr  ca  uG(v ,)  aad  designating 

! 

«,—/(«.),  (11.25) 

ve  Mill  obtain  \ 

«-— *—/(«.)•  (11-26) 

Differentiating  £ cn  p#  ue  will  obtain  j 

cH,(y)<rwm  Ttirplf'lr- 

After  Multiplying  nuaerator  and  denoaicatcr  on  G(m)Kl  ve 

vill  attain 

11.27; 

acre  laborious  proves  tc  be  deter liaatica  a„r  since  I)  depends 
cn  j through  values  //,(j)  and  «,»/(*): 

«ff  M *(*«<#» 

i7“ +*rs"  1 


: ,J 

I 4 ‘ 


Fage  426 
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free  dependence  fox  E,  let  us  have 

lex  deterainat ion 


h«  Hill  dm  ieciula  (2.54).  after 


substituting  it  intc  expression  fee  H*(y) 


(11.38) 

bet  us  take  the  logaritha  expression  (11.26): 

1» "«(*)— ~ tax*— lT  In  t— L Jft. . 

Eiffereatiatiag  oa  y converting,  ac  Hill  ettaia 

(%)-•£ /(a,* 

— i- 


f urtheraere. 


(11.29) 

(11.30) 


(11.31) 

Substituting  the  value  cf  partial  derivatives.  He  will  obtain 
after  the  conversions 

<»•«> 

The  coefficients  of  last/lattec  three  agnations  of  systea 
(11.21)  Hill  be  equal  tc 


i* 


(11.33) 


3.3.  Deter aination  of  correction  fectcrs  by  the  integration  of 
differential  equations  cf  ccrrecticrs. 


Cage  429. 

Coefficients  afj  ace  calculated  frcm  tie  data  cf  the  undisturbed 
trajectory. 


Ms  an  example  let  ts  examine  the  scluticn  cf  system  (11.21).  Let 
us  determine  correcticr  factcrs  for  the  end/leac  of  powered  flight 
trajectory  in  the  fcllcwicg  hypothetical  initial  data,  necessary  for 
the  solution  of  assigned  nissicn: 

nidsection  - S = C.2289  a2; 


Initial  mass  - mQ  = 


171.18  kg«s*/»; 
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the  ccnsuaption  of  aass  - |a  (=  23.2  kg«£*/i«s; 

thrust  - P = t; 

the  operating  tine  of  engine  - 2,4  s; 

the  initial  velocity  - v0  = 35.5  a/s; 

initial  angle  cf  departure  fl0  = 25°00'; 

spot  height  of  start  - y0  - 0. 

Cell/eleaents  of  tie  uidisturted  trajectory,  which  correspond  to 
initial  data,  placed  in  Tatle  11.1. 

Per  convenience  in  the  introduction  of  scac  deviations  the  first 
eguat^cn  of  systea  (11.21}  let  us  cccvert  alter  isolating  in  its 
right  side  separate  dinensicnless  cuantities  - ratios  of  deviaticn  of 
the  deteraining  parameter  tc  its  ccaplete  v«lue: 


^L;  iL}  *8Lj 


and 
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Table  11.1.  Cell/eleaents  cl  the  undisturtec  trajectory. 


CD 

M BO  apt 

. 

£Q_)  Summit 

t.  c 

1 

y-  ■ 

«*(  M) 

0 

0 

35.5 

25*00' 

0 

0.3060 

1 

0.2 

86,6 

23*04' 

3.2 

0.3060 

2 

0.4 

139,2 

22*11* 

4.3 

0.3060 

3 

0.6 

193,2 

21*34' 

9.8 

0,3066 

4 

0.8 

248.5 

21*05' 

19.6 

0.3180 

5 

1.0 

305,4 

20*44' 

33,8 

0.3700 

6 

1.2 

363.5 

20*25' 

56,6 

0.5933 

7 

1.4 

422.9 

20*09' 

88.7 

0.6182 

8 

1.6 

483.5 

19*55’ 

128.1 

0.5950 

9 

1.8 

546,5 

19*43' 

171,3 

0.5415 

10 

2.0 

610.0 

19*32' 

219.8 

0.5100 

11 

2.2 

675.0 

19*22' 

268.1 

0.4850 

12 

2.4 

742.5 

19*13' 

322,2 

0.4580 

ReJj  (1).  on  pores.  (2>.  Cell /eleaest.  <3) . »/e. 

Fage  430. 


In  this  case,  instead  cf  the  ccelficierts  into  eguaticn 
bill  enter  the  folloeing  values: 


p 

instead  p£  fwj.^Owj.J i==  — ; 


instead  of  av^/aVcx  fw  = ®««8* /•*,■■*  **,£*“  ~ * 


D V 


instead  of  ®*m. 
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til 


iost.ad  ol  a,,,|  a„l„.||»i| 


I I /</>-*) 


Taking  into  account  this  eguaticn  will  obtain  the  Corn 
-^-(4t;)=a^8t.+artM+a^  + /.A  21i.+/„2L+ 

i / ®c.r  ; t »«0  i /■  »l*l 

"T/^jr  — — ~~r  /,  |^|  — r—  • 

*jf  *0  1*1 

Coefficients  (11.20)  c t the  differential  eguations  of 
corrections  taking  into  account  net  values  f<j  let  us  present  in  the 
fcrw  pf  curve/graphs  and  tailes,  which  contain  the  average  values  cf 
coefficients  on  the  section  cf  app  icxi  laticr.  Since  the  cell/elenents 
cf  supporting  trajectory  esually  are  assigned  o)  argument  t,  and 
partial  derivatives  it  proves  tc  fce  necessary  tc  calculate  according 
tc  argument  M or  y,  then  it  is  necessary  tc  introduce  into 
examination  internediate  derivatives.  Fcr  example,  for  the 


dcterninat icn 


— 5~~ *[‘-<">+f-a*?L] 


it  is  necessary  to  calculate 

*£l*L_*£i*L  JL 

*M  “ * ’ M * 

fcr  determining  the  partial  derivatives  free  t , we  will  use  the 
fcraulas  of  counted  dif ferertiation  (6.28) 

( \ ^ tj  (M),+  i — «x  (*)«—!  . 

\ * I,  **, 


where  hi  — a space  on  ti«e. 
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for  determining  the  values  c£  derivative  at  the  first  and 
last/latter  points  (■—■)  and  it  is  necessary  to  use 

Nekton's  first  and  second  inter pcleticr.  fcnulss. 

Page  431. 

Ihe  results  cf  calculation  and  are  civen  in  Table 

dt  dt 

11.2.  An  example  according  to  the  calcmlaticr.  cf  coefficients  a*.  and 
Oxi  is  given  in  Table  11.3. 


\ * 

•-  J 


.1 

f.  \ 


t 

r 


In  terms  of  the  calculated  values  <*t j we  construct  the 
curve/graphs  of  coefficierts  and  cany  cut  stepped  approximation 
through  equality  the  areas,  lixitec  ty  section  curved  curve/graph  and 
ty  straight  line.  Ihe  averaged  valtes  cf  coefficients  for  a nuxerical 
example  in  question  are  given  in  Tatle  11.4.  Tne  characteristic 
curve/graphs  cf  coefficients  are  given  to  fig.  11.4-11.9. 


The  values  of  the  voltages  of  electrcc  analogue  by  which  with 


-1 

j 


■ s 

, ’ 1 


j 


transition  to  machine  system  of  equations  are  replaced  the  real 
values,  are  connected  with  each  ctter  ty  the  appropriate  scale 
factors,  fcr  example: 
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: £ 

Ptato,  = ....  where 

m»  f/«/s#  V/rad.  - scales  cn  voltages  ler  a velocity  increment 

and  flight  path  angle. 

the  ijuaerical  values  of  the  scales  of  sup pcrting/reference 
values  are  selected  frci  the  ccrditicr  cf  citaicing  the  oaxiaun 
vcltage,  which  characteri2es  real  value,  are  net  aore  than  80-100  V. 


Table  11.2.  Derivatives  of  c,(M)  and  '1  on  time. 


C/) 

M bo  nop. 

t 

it  Am 

*M 

it  Am 

dt 

dt 

ilA 

0 

0 

0 

0.724 

0 

1 

0.2 

0 

0,762 

0 

2 

0.4 

0.0015 

. 0,785 

0.00191 

3 

0.6 

0.0300 

0.802 

0.0374 

4 

0.8 

0.1585 

0.822 

0.193 

5 

1.0 

0.6882 

0,845 

0.815 

6 

1.2 

0.6205 

0.865 

0,718 

7 

1.4 

0.0042 

0.882 

0,00477 

8 

1.6 

—0.1918 

0.908 

—0,211 

9 

1.8 

-0,2125 

0.930 

—0,2284 

10 

2.0 

-0,1412 

0,945 

-0.1494 

11 

2.2 

-0.1425 

0.970 

-0.1469 

12 

2.4 

— 0,3810 

1.022 

-0,373 
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Key:  (1).  cn  fores. 
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The  numerical  values  of  the  scales  cf  the  vtrialle  coefficients  of 
the  realizable  with  the  aid  cf  units  variable  c cef f icients , must  not 
exceed  1.0.  For  further  use  scales  it  is  exfedicnt  to  round  cff  to 
the  nearest  convenient  ruiber. 


Let  us  rewrite  system  cf  eguaticrs  (11. il)  in  the  fora  of 
■ achine  system  with  the  inticducticn  of  stresses  in  dimensional 
values,  bearing  in  mind  that  functions  /«/,./»•„  /•«  and 

/,.  ia  our  case  represent  tj  themselves  suf for ting/ref erence  values, 
bet  functicns  a,,,  a9t,  a,r  . . . ax,  - variable  coefficients  when 

tv,  M,  ty  and  so  forth 

I ai*  | I aitlUu-r 


+*rlfOtV  ' **'  — kvnf,\ /pel  ^ 


-kvrJ', 


vrx' ' \tv 


jrl  «, 


,Ui 


*IM\ 


UUt) — ktvQiv U\v  -j-  kttOn^ni 


dr 


(0\,)=k„a  YvU\ V -f*  ky%dyffJ  It! 


— (Ut* ) — kj^a„U t,  —kxt  | a*)  j U It- 


la  this  system  a] 
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Cage  433 


lafcle  11*4.  Averaged  values  of  coelficieats  *n  and/,/ 


c 0—0,2  0,2—  0,4—  0,8—  0,8— 1.0  1,0— 1,2  1,2— 1,4  1,4— 1.6  1,6— 1,8  1,8—2. 
0,4  0,6  0,8 

1/c  0,003  ftOMW  ftOOBM  0,0137  0.0278  0,0578  0,0605  0,0468  0,0422  0,0444 


a/c  24  43  61,6  80  09 

1/a  375  75  34  10  12 

a/c*  263  279  293  308  328 


117,6  137 


174,5  194 


a/c*  260  275 

— 0,9138  0.923 

a/c*  8,978  9,057 


290  310  330  350  370  400  420  440 

0,928  0,932  0,934  0.936  0.938  0.939  0.940  0,941 

9,105  9,138  9,164  9,184  9,200  9.216  9.230  9.242 


aWf  10*  1/c*  0.00  0.03  0.06  0,20  0.38 


■/c*  259  266  274  282  290 


-flj 


a/c  56  101 

— 0,425  0,386 
a/c*  0,10  0,30 


152  206  258  312  363  425  476 

0,375  0,365  0,356  0,351  0,346  0,342  0,339  0,335  0, 

0,76  1,40  2,40  4,80  8,80  12,25  15,55  18,70  22. 


0.02M  0,0161  0,012 


0,0085  0,(1 


2,2-2. 4 


0,0435 


fig.  11.4.  Stepped  ap pr cxi b ction  of  functicc  «••(<) 


Pig.  11.5.  Tc  approximation  of  function  a»i(0 


Fey:  (1).  n/s 


Fig.  11-6.  To  approximation  of  function  «.»(0 


Key:  ,(1).  a/s*. 

Fig.  11.7.  To  appr  cxinat  icn  of  f unc  tict  «.»(<> 
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fig.  11.8.  7c  approxima ticn  of  function  1vq(0 


Key:  (1).  m/s. 


fig.  11.9.  7c  approximation  of  functicc  «*W 


Eage  «37. 


Ccefficients  ka  establish  cob *un icat i cn/cc nnection  between 
scales  with  transition  ires  physical  quantities  to  voltages.  With 
scie  values  of  the  scale  factors*  determined  fer  an  example  in 
qu^tic,  « =16 — ! — ; 

*~5- 

Key:  (1).  1/s.  (2).  V <■/£)-  (3).  V»- 


7he  coefficients,  which  establish  ccb munic at icr/connection  between 

scales,  will  fee  equal  tc 

— — 0,012  — ; 

f+rJH  16-5  e 

L l*«r  — 12 n rvn  J . 

«,|T= non  trt  e — U,W1  t 

»*«*1V*'  200  10,5  c 

«.  ^ic  — 10  — a 1 

*'•  »•* 5 « ‘ 


On  the  basis  of  the  obtained  systea  cf  equations,  is  comprised 
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the  blcck  diagram  of  the  set  o£  prcblen  in  the  simulating  electronic 
computer.  Figures  11.10  depicts  ere  cf  the  possible  versions  of  the 
fclcck  diagram  of  soluticn  c r.  widespread  Soviet  mcdel  MPT-9-2.  The 
blcck  diagram  of  the  scluticn  cf  problem  is  installed  in  the  setting 
field  cf  machine.  Initially  assigning  (possible  deviations  of  the 
paxaaaters) , let  us  determine  the  effect  of  each  of  them  on  change 
^individual  ly.  Let  us  take  the  initial  deviations: 


ftxo“6yo—d/i“8'"«“8|'"|  — Ac*— 6q— 0; 

8v0  = 5 m/s,  which  corresponds  tc  voltage  50  V; 

460  = 0.458  deg  35  0.46  deg,  which  ccrresponds  to  voltage 

f/n>»80V.Obtained  in  machine  values  60*,  Ax*.  by,  and  A8*  in  voltages 

axe  txanslate/transferred  according  tc  scale  factors  into  physical 
guantities.  For  the  increase  of  accuracy,  the  scluticn  is  repeated 
several  tines  with  positive  and  negative  deviations  6v0  and  660. 
Correction  factors  are  calculated  frea  average  values 
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fi9-  11.  10.  Unit  schematic  c£  solution  cf  £}£te«  of  equations  in 
deviations  on  electron  analogue. 

(age  439. 

Using  the  data  of  fable  11.5  let  us  determine  correction 
factors.  Let  us  cite  the  calculation  cf  scm  cf  thea 


= 78107115 
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**  ~ »«» 

dxx >*« 

<J«0  t«o 

d»«  »»«  . 

dvo  »f0 

dou  1t»o 

dt>K . 8f>K 

dfl7~  »lo 

dxK  ^ >-r„ 

dflo  S«o 

dflo  »flo 


4 7 ^ 1 

.ill -0,94  M/t/M/c; 
5.0 

= |4=  1.76  m/h)c; 
0,0 


«0  Mo 


= 41=1.5  M^/c; 

0,0 

= £^.=0,064  rpaA/u/c; 

5,0 

= -4^=-°.35  m/c/W 

0,40 

= “I^=_4’3S 

=44=12,65  few; 

«4S— 1.02  r^rpWL 


Kay:  <1).  u/s/m/a . <2)  . a/a/s.  (3).  degree/i/s.  (4).  m/s/deg.  (5) 

m/deg.  (6)-  deg/deg. 


Similarly  can  fce  found  correction  factors,  also,  to  other 
determining  parameters.  The  ottsined  values  are  utilized  for 
calculating  of  corrections  and  characteristics  cf  scattering 
trajectories. 


3.4.  Ccn jugated/com bine d system  of  equations  of  corrections  and  its 
eolation. 


the  system  of  the  ncnhcmogenecus  linear  differential  equations 
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group  c£  which  includes  the  systeas  cf  the  differential  equations  of 
corrections,  can  have  interconnected  circuit  cf  linear  hoaogeneous 
equations.  The  nuaber  of  variables  ccnjugate/cc abined  and  basic  of 
systeas  they  coincide,  fee  the  rule  cf  the  ccipilaticn  of 
interconnected  circuit  cf  linear  hcicgereocs  eguations,  the 
coefficients  of  the  first  equation  ace  taker  equal  to  the 
coefficients  of  the  first  Berbers  cf  basic  systea  of  equations,  the 
coefficients  of  the  seccnd  equation  are  taker  equal  to  the 
coefficients  of  the  seccnd  aeabers  cf  fcndaoental  equations,  etc.  In 
neu  systea  all  coefficients  are  taken  with  opposite  signs  with 
respect  to  basic.  On  the  basis  of  the  dete r nination  of  hoaogeneous 
differential  equations,  in  intercc n neoted  circuit  let  us  d rop/cmit 
the  absolute  teras,  available  into  basic.  let  it  explanation  let  us 
take  tbe  systea  of  the  differential  eguatiers  cf  corrections  (11.23) 
and  let  us  rewrite  three  first  joint  cf  eqicticn,  after  introducing 
teras  *u  and  •*.  the  considering  d ist  u rba  cce/perturba  ti  ogs. 


Face  440. 


For  generality  let  us  write  the  tens,  which  have  zero  coefficients; 
coefficients  let  us  take  by  absclute  values,  after  introducing 
into  equations  their  signs  in  an  explicit  fera. 


i 
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■—(*»)—  - a«,*«  - a.,hp + a^y + 

HX 

~ (lp)=apula  -f-  0 • Ip  -f  0 • iy -f  tp; 

~(*^)*=o-a«+®»^+  o.ty. 


(11.34) 


let  us  accept  systea  (11.34)  fee  tasic,  Dependent  variables  in 
it  are  u,  p and  y.  Let  us  write  the  ecu 'ugated/ccabined  with  (11.34) 
systea  of  equations,  after  designating  varieties  through  x,r  \2  and 
x3: 


01,-— 

Tt‘ fl.A-01.-OX,. 


(11.35) 


In  the  general  case  tte  physical  sense  of  variables  A*  . depends 
co  the  content  of  the  coefficients  cf  fundaiental  equation  a*;  and  of 
teras  - e.  and  Let  us  establish  ccsiunic  eticr/connection  between 

variables  basic  and  by  that  ccc jugate/ccabired  systems  of  equations 
fer  oti  case.  Let  us  multiply  the  equation  cf  tasic  system 
respectively  by  x. , X2,  and  X3,  tut  the  equeticr  of  interconnected 
circuit  on  6u,  6p  and  6y  let  ts  add  tbea.  Alter  conversions  let  us 
have 

>»  ~(*«)+l,-£-(^)+X,~(#y)  + 

+*  % + Ip  % +Iy  V.+V, 

and.  further. 


(11.*) 
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Let  us  integrate  the  right  end  left  cf  the  part  cf  the  last/latter 
equation  from  x x to  x2-  Tber 

*n**t — *m*Pi — *n*F»  ■* 

=J(V.+V,)^  (11.37) 

Mi 

lfae  cttained  equation  is  ccmaon/general/t.otal  and  it  is  correct  under 
any  initial  conditions. 

fage  441. 

for  the  basic  trajectory  in  question  integration  limits  cf 
interccnnected  circuit  can  le  selected  in  tie  xanner  that  this  is 
convenient  for  the  soluticr  cf  the  specific  prctlem  of  the  theory  of 
corrections.  In  many  instances  it  proves  tc  te  advisable  to  integrate 
conjugate  system  of  differential  equations,  beginning  with  final 
pcirt  in  the  trajectory- 

For  example,  during  the  deter ■ ina t ion  cf  corrections  for  the 
inactive  legs  of  the  unguided  rockets  cf  class  "surface  - surface" 
and  the  trajectories  of  the  projectiles  of  terrestrial  artillery 
interccnnected  circuit  (11.35)  is  ictegratec  from  the  impact  point  in 
the  projectile  to  the  beginning  of  the  trajectory  phase  io  question. 
Let  us  write  equation  (11.37)  for  the  passive  section  or  ground-based 
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fissile  trajectory 


PAGE 


*tc**e + **cMc -H *vc*Tc — KM*  ~~ 

(^I*« 


(11.38) 

Jo  order  to  obtain  frc«  (11.38)  tie  fciaula,  which  determines 
correction  into  distance,  it  is  necessary  tc  select  one  of  the 
coefficients  \(C  so  that  it  would  certain  d*c,  the  renaining 
coefficients  of  interconnected  circuit  they  are  taken  equal  to  zero. 

Tor  an  inpact  point  (Pig.  11.11)  it  is  possible  to  take 

tv/ 

after  ccnparison  with  the  third  tern  cf  egeatief  (11.38)  we  will 


cbtain 


Furthermore, 


Vcl  * 


Xjg—O,  Pros  (11.38)  let  as  have 

+****+*•.*.+/ (»•») 

the  physical  sense  of  values  Xt*.  A*  acd  A*  i*  explained,  after 
Baking  equal  to  zerc  e*  arc  ard  in  pairs  deviations 


os  fled 


for  exasple,  by  taking  0 and  1.  let 


Siailarly  we  will  obtain 


. »■  vr*-’ 
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Jig.  11.11.  The  cuts  of  trajectories,  adjacent  tc  impact  point:  1 - 
ret  disturbed  (calculated):  2 - defermed. 

Page  4 42. 

instantaneous  values  X lt  X2,  *3  i 0 function  from  x,  including 
Xiib  and  1*1,  are  obtained  by  the  numerical  integration  (by  ETsVH 

cr  with  manual  count)  of  interconnected  circuit  (11.35)  under  the 
initial  conditions 

I 'cl 

the  space  of  integraticn  for  x is  taker  with  minus  sign,  since 
integration  is  realized  fees  cne  xc  tc  x*. 

During  the  dmtmrminaticn  of  ccrrectioc  intc  distance  from 
(11.39)  values  Gw*,  bp*.  ard  by*  they  aust  be  determined  during  the 
stmdy  cf  the  pracmding/prmvious  trajectory  phase  or  be  specified  by 
assignse nt. 


TT 
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It  mm  asiUH  0,  then 

(11.40) 

last/latter  formula  aakcs  it  possitic  tc  determine  correction  into 
disteece  for  the  factors  ehcse  effect  is  ccrsidered  through  e„  and 
tP  (sctational  effect  cf  tie  cart t/gr cund , a ebange  in  the 
aeteocological  conditicrs,  etc.). 

Curing  determination  G*c  for  the  trajectories  of  the  projectiles 
cf  greund-tased  cannon-type  artillery  the  irtegration  of 
interccnnected  circuit  (11.35)  it  is  necessary  tc  carry  out  frea  *c 
tc  x - 0.  Furthermore,  for  the  pcirt  cf  flight  it  is  possible  to 
accept  6ya  = 0 and  then  frea  (11.39) 

(11-41) 

Last/latter  formula  is  ccamcn/general/tctal  correcting  formula  for 
the  ccaplete  horizontal  firing  distance  greend-tased  artillery  piece. 

3.5.  Beter aination  of  correction  teeters  frea  the  similarity  of 
trajectories. 

Vor  calculating  the  ccrrecticrs  into  tie  trajectory  elements  cf 
the  projectiles  of  constant  mass,  frequently  are  utilized  the 
dependences,  obtained  frea  similarity  ccnditicrs  of  trajectories. 


Let  us  take  the  first  equation  cf  system  (7.141)  and  let  us 
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determine  correction  factors  fcr  ccnplcte  djstarce  tor  a change  in 
pressure  and  teaperature  cf  air  ia  tie  [oiit  cf  flight  (and  further 


alcng  trajectory)  • If 


Fage  4*1 3. 


*“4sr.  that  S"*i  a ad 


(1141) 


If  ter  recalling  that  f'-rr*",  and,  considering  v,  and  d0  in  (11.42) 

*iw 

ccfstant/invariable,  let  us  take  alternately  derivative  of  i;  on  c 

ard  cn  h0.  . 

*XC  _»»!  _d»!  a.  . 

* **  * *•  **,  * 

dxc  ^ a»i  , 

" *•  V ' 

Ccapating  two  last/latter  equalities,  ee  will  cltain 


hr. 


(11.48) 


**o  * *o 

If  to  accept  Ao-Aojv,  T0y»T#j »,  the  first  equation  of  systea  (7.141) 


will  take  the  fora 


■ ♦,(**,  c,  4,). 


(11.44) 


Accepting  in  last/latter  equality  fl0  oenstact/if variable  and 
differentiating  alternately  cn  v0  ard  t0,  *«  will  obtain  after  the 


conversions 


«"«> 


Frcn  (11.43)  and  (11.45)  it  ia  evident  that  the  correcting 
coefficients,  which  consider  effect  or  the  firieg  distance  of  the 
deviation  cf  baronetric  pressure  free  giver  standard  ataospbere  and 
the  teaperatures  of  air  in  release  pcict  (ard  farther  along 


i 
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trajectory),  can  be  expressed  through  basic  correction  factors  to  the 
deviations  of  the  ballistic  coefficient  and  tic  initial  velocity. 


3.6.  Analytical  method  can  be  applied  ic  the  case  when  the  basic 


value  being  investigated  is  determined  by  tie  function,  which 

ining  derivatives  in  analytical  forn.^ethod , 


allcwy assumes  obtaining  derivatives  in  analytical  torn.  Method,  as  a 
rule,  is  utilized  durinc  the  study  ci  the  trajectories  of  the 
projectiles  cf  constant  mass,  an  exatple  cf  tie  use  of  the  named 
method  have  examined  we  in  §1  present  chapter  with  the  assumptions, 
which  correspond  tc  the  parabolic  tlccry  cf  the  notion  of  projectile 
(11.61  • 


Obtaining  ballistic  derivatives  in  ccrrccticn  with  the 
elliptical  theory  of  the  icticn  cf  the  projectiles  of  constant  mass 
is  examined  in  detail  in  verks  [2],  [22],  [35],  [46].  It  is  presented 
here  the  basis  cf  the  ccimc r/general/tctal  procedure  of  obtaining 
correcting  formulas  and  correction  factors. 


Page  4 44. 


Let  us  take  the  equation  of  elliptical  trajectory,  which  contains  in 
an  exflicit  fora  the  parameters,  which  correspond  tc  the  beginning  cf 
inactive  leg  and  deteriiring  all  the  metier  characteristics, 
including  firing  distance  [2],  and  let  us  write  it  for  point  C'  with 


In  connection  with  the  spherical  ncdel  cf  the  Earth, 
ccmunication/connectic n between  angular  anc  by  linear  circular  by 
distances  is  determined  by  the  re  la  tic xshi {/rat io 

I-/.+2*,*.  (11.47) 

It  is  obvious, 

!-»(«„  •„  ra,  rc , lu\  (11.48) 

and  the  correcting  foraula,  obtained  taking  into  account  only  first 
taxis  of  expansion,  in  accordance  kith  (11.,)  it  will  ta he  the  fori 

Ballistic  derivatives  — in  accordance  with  (11.47)  and  (11.48)  will 

dli 

te  egaal  to 


4 


1 
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Cage  945. 

Equation  (11.96)  is  written  in  iaplicit  fcra  and,  without 
isolating  the  determining  parameters,  *c  will  cttain  ballistic 
derivatives  (correcting  cce fficie rt a) , esirc  the  obvious  fornula 

, ^/«i 

*4  *''#.(&)  ' 

Let  us  give  as  exaaple  the  derivation  et  the  dependence  for  a 
ccrrccticn  factor  . 

Using  (11.46),  we  will  obtain 


^*-(r.+rc)lB«t- 

-4-MLrc%|.1gt-2-M»-(r.-rc)S 

^ - [ 2rc  1 1 + tgM J - ( r.  + rc • )] tg 

pre-tgt.—  . 


(11.49) 


(11.60) 


Cal*  ,(11.49)  to  (11.50),  let  us  have 


f 


DOC  « 78107115 


Fit!  ??3 

•ssa  _ 


* T~  K'w  + 'c*  > •,n*  ♦ + 'c  *in  C*W  + ('■ — 'c* ) a»*  fj 

[*e  (1  + 1 l*«J— ~(r.  + rc  )]««♦- “TC.  If*. 


(11.51) 


Foraula  for  the  calculation  of  correction  ictc  firing  distance  during 
the  deviation  only  cf  initial  velocity  takas  the  fora 

(1152) 

0Om  09m 

By  foca  can  be  written  correcting  foraulas  also  for 
otter  detersining  (araictcrs 


•m 

(11.53) 

(11.54) 

(11.55) 

Cage  446. 

Freguently  they  introduce  intc  exasinaticr  value  x = r»*/t  which 

r v* 

for  initial  conditions  is  egual  to  x„-=-y!L.  Utilizing  value  X,,  it 
is  necessary  to  bear  ir  wind.  that  Xm-f(ru,Vm)  and 

(11.56) 

let  us  give  without  derivaticr  the  ballistic  derivatives. 


expressed  through  «<■  [2].  then  rc  ~Ra 
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4L 

4'm 


2*% 

*■  + -—*-  <«  + »«*••)  •*«*♦  «f * 


4L *£3  (1  4-  lg»t,)  »in2  ^<g  41  . 

dvm  »„  »« — i^3  /?3  «*  •»  iff  +)  * 

M,  *.<'«-#3  + *,  tf  *■«*♦> 


(11.57) 


for  a ayanetrical  trajectory  in  the  caa«  rc—rm  we  will  obtain 


4m)  + 2 »fr»+-(l +»«»»,,) 

Ar«  Vilfii 

•f»>_  4«aH.-(l+t*M  . 

4*„  V>l|*i 

*o»)  ■.(«.-»«!».  »«♦>(!  + ««»d  «■  m> 

4t> ■ *n'lt 


(11.58) 


fiange  angle  in  case  then  /*?"■■#*  can  1<  represented  in  the  fora 
cf  the  functional  dependecc* 

®»«  W< 

where  A.  — a heig bt/a ltitada  of  the  initial  pcint  of  the  elliptical 
trajectory  above  the  surface  of  the  splerictl  acdel 

kmmfM — 

eaxth/greund.  In  this  case,  a change  in  the  range  angle  taking  into 
account  only  linear  tarns  of  nxpaceicc  in  terns  of  (11.2)  is  egual 

»(aw-egL,K  +*£**>*«.  (ti.58) 

ttilising  (7. 19)  t I.  V.  Lysenkc  was  cciverted  (11.59)  and 


obtained  the  eguation,  connecting  in  iaplicit  fern  of  deviation 

dfeMbaad  M.  [15]. 
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Pace  447. 

»*/  l-eo^a^  \ . I*,  h ■ y»— »>1 
o»  l *.«**»,  r ^aL  J 

^8(2ii)f  ,in2*  **"  <*«  + I » r *»(»,  + :*)  _ 

1 U.COS28.  | cos  6.  J "I  cost, 

-s&wA+*>-££k(1-c“aw]-  <n-60) 

Benentering  that  AL— /?aA(2$),  fzca  (11.6C)  we  will  obtain  when 

A6.-Ah.-0: 


<>£  n l— «o>a» 

do.  o«  sin  2+ — cos  »,  sin  (».  4- 24<) 

If  one  assumes  that  the  elliptical  trajectory  is  syssetrical  and 
begins  on  the  surface  of  tie  Earth,  i.e..  r,«=rc*=/?a  and  projectile  it 
has  velocity  0.-00,  then 

-^—2-^  (sin  2Hcfc**(l- cos 2*)].  (11.61) 

**  »b 

figures  11.12  gives  curve/graphs  iL=/r#(a#)  with  different 

don 

2f.  fxen  curve/graphs  it  is  evidert  that  ir  all  cases  the  ballistic 
derivative  has  positive  value.  With  identical  angular  firing 
distance,  it  decreases  tith  an  increase  of  the  flight  path  angle  in 
the  beginning  of  passive  elliptical  secticr. 


from  eguation  (11.60)  accepting  Ao.-Ah.-0, 

Dependence  is  given  to  lig. 


we  will  obtain 
(11.62) 

11.  13.  with  an 


increase  in  the  angle  cl  departure,  ballistic  derivative  — 
decreases,  transfer/converting  ires  positive  values  to  negative.  The 
zero  value  of  derivatives  ccrrespcrds  tc  the  cptinun  flight  path 
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angles  in  the  beginning  cf  passive  section.  Hitb  assigned  the  flying 
range  the  zero  value  of  derivative  arsvers  the  trajectory,  obtained 
at  the  sinisus  initial  velocity  v0. 


The  ballistic  derivative  cf  a charge  it  the  distance  in 
beight/altitude  gave  inactive  leg  vas  equal  tc 

. (11.63) 

The  curve/graphs  of  dependence  —/,(•.)  are  given  tc  Fig. 

It*  16.  In  all  cases  the  derivative  has  icsitive  value. 
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1. 

i 

l 

I 


Fig.  11.12.  Change  of  ballistic  derivatives 
angle  of  departure  e.-4,  at  diffeiect  valscs 

KeJ:  (1).  kB»s/m. 
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X, 


(ft 


angle  cf  departure  e.-e.  at  different  values  cf  range  angle 


Key:  (1).  (k»/m«rad) . (2).  u»rad. 


Fig.  11.14.  Change  of  fcallistic  derivatives  - — in  function  of 

"i 

angle  cf  departure  at  different  values  cf  range  angle  .2  fa> 


Key:  < 1) . km/n. 
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kith  identical  distance  it  decreases  vith  ar  increase  in  angle  ft*. 
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the  analytical  method  cf  detersinirg  the  correction  factors  can 
also  used  in  connection  with  different  approximate  solutions  of 
the  problem  of  external  ballistics  cf  the  projectiles  of  constant 
mass*  driving/movi ng  in  the  dense  layers  of  the  atmosphere.  Let  us 
examine  obtaining  formulas  and  correcting  coefficients  for  the  method 
cf  pseudo  velocity.  He  utilize  formulas  <7.  tz)  and  (7.65),  the 
ccnnecting  complete  firinc  distance  with  the  parameters,  which 
determine  the  trajectorj: 

xc~±(Dc-D£  (11.64) 

c 

Substituting  (11.64)  in  (11.65),  we  will  cttain  the  formula,  which 
ccqmcets  xc  c c',  •,  and  *c: 

r'jcc(r'  sin  2##-|-/0)»'=Mc  — Mf.  (11.66) 

»cr  obtairing  the  differential  correcting  formula  of  form  (11-2) 
let  us  differentiate  latt/latter  eguality,  considering  variables 
*c,  C,  8#.  it  is  obvious  that  the  terms,  which  ccntain  uc,  mill  also 

be  variables 

c'xcHc'  sin  21, 4- *»n  2l,4-y,)rf(c'<e)—  4AC—*A%. 

(11.67) 

Utilizing  a basic  conclusion  cf  the  method  of  pseudovelocity. 


let  us  write 


4 A- HD. 
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Then  the  right  side  of  equation  (11.67>  car  be  represented  in  the 
fc  it 

dAc -dA'-J€dDc-JjD%. 

Value  dDc  can  be  axpraas«d  by  the  initial  jaraneters,  it 
dit fexentiated  (11.64);  tier 

dAc—dA4—J<4Hc'xe)+JcdDt—JjiDr 

Carrying  out  the  replaceaent  of  right  side  in  (11.67),  after 

conversion  we  will  obtain 

*'**<#(*' aln  »,+y,)+lr'sin  ^-(Jc~Jt)]d(c'xc)^ 

I -(Jc-J,)dDr  (11.68) 

tifference  (/c— /«)  can  be  determined  t xoa  tie  basic  conclusion  of  the 
aethod  of  pseudovelocit  j.  If  we  in  fcraula  (7.6C)  replace 

that  we  will  obtain 

Jc  - J%  ~2c ’ cos*  A,(tg  •,+  tg  | lc  | )= 

* c ’ sin  26,  -f  2c ’ cos*  I,  tg  | lc  |. 


Page  450. 

After  substituting  Jc—J«  in  (11.66),  after  conversion  let  us 

have 

Xcd  (c‘ ’ aln  21,  + /,)  - 2 co«»  I,  tg  | lc  | d (<*'xc)- 

-(sin»,+2co*l,*jic|)*ZV  (11.48) 


*r 


'sssssasaamua 
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Bealizing  diffe rentiaticn  and  carrying  cut  the  replacement 


dJt* 


rjp(°o) 


dD ,» 


0<*6) 


tie  Mill  obtain 


xc  sin  21 Jc' -f  2c'xc  cos  2^/it—2jfxc  — ^ — 

«$<?(•*> 


— 2 cos*  i,  tg  | fic  | x cdc'  — 2 cos*  1, tg  | lc  | c'dxc > 
— -(sin  2#,+  2cos»l,tg|ie| 


0<*> 


After  passing  froa  differentials  to  finite  low  increaents,  we 


ccrreating  fcraula 


ix. 


After  conversion  let  us  have 


lity  and  w 

e bill  < 

*'+-£*- *.4 

have 

1*.  \ *’  , 

jrccas2*o 

+ T7 


f'C(*s)«f| 


Frequently  is  introduced  substitution  y—  y , and  then  the 


foxnulas  of  tasic  correction  factors  will  take  the  fora 

ffC-.-O  — V)i£.;  *X - *'"*** 


(11.  TI) 


"•  oqs*m^ici  ; 

tfs. L_ri+V,  — £f£ 1. 

Analytical  nethod  is  applicable  fcr  deterniniag  the  ballistic 


derived  and  higher  orders,  than  the  first 
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Within  the  fraaevork  of  parabolic  theory*  tie  tallistic  derivatives* 
which  characterize  principal  part  cf  tie  change  in  the  function*  are 
determined  by  formulas  (11.5).  The  refinescct  cf  correction  is 
determined  by  three  last/latter  terns  of  formula  (11.4)*  from  which 
the  second  derivatives  are  egual  tc 


(11.72i 


Similarly  can  be  obtained  derivatives  — r • ”3*  aad  rr=r  «•  the 

hi 

basis  of  elliptical  theory. 

However,  the  mathematical  complexities  cf  obtaining  the  second 
derivatives*  the  lew  value  cf  the  standard  deviations  (taj*,  (m*)’  and 
cf  product  AvhMm  and*  as  a result*  the  insignificant  refiaeseat  of 
ccrrsction  itself*  given  by  these  terms*  lead  tc  the  fact  that  in  the 
practical  calculations  cf  ccrrecticja  are  ccnsidered  the  usually  only 
ligcas  terms  of  expansion. 

3.7.  tabular  methods  of  calculating  the  correction  factors. 

Inder  tabular  aetheda  lat  us  undarstaec  tic  methods  of 


determining  the  correction  factors  with  the  aid  of  the  various  kinds 
cf  the  precoaputed  tables.  Ihe  use  cf  tablet  sen  acceptance  during 


V 
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the  calculation  of  corrections  tc  tfce  trajectory  elements  of  the 
projectiles  cf  cannon-type  artillery.  Is  kccwn  the  use  of  ballistic 
collecticns  (ballistic  tables)  for  calculating  the  correction  factors 
in  the  aethod  of  differences  and  the  use  of  tables  of  quite 
ccrrection  factors.  The  majorities  of  ballistic  collections  contain 
the  cell/elerents  of  characteristic  feints  in  the  trajectory  for 
nctaal  aeteorclogical  conditions  depending  cn  the  determining 
parameters  c,  vD  and  0O. 


Vcr  zenith  trajectcries  the  nuiber  of  determining  parameters, 
includes  tine  t (see  pace  266).  The  tables  are  comprised  as  a rule, 
uith  the  ccnstant  space  of  the  determining  parameters  and  this  makes 
it  possible  to  utilize  for  the  calculation  ct  ccrrection  factors  a 
knewn  formula  of  nuserical  differentiation  (6.26); 

ygami£±LZJk=i.  (11.78) 


yx  . (11.78) 

Alternately  substituting  in  the  nuietatcr  ci  laat/latter  formula  the 
firing  distance,  undertaken  depending  cn  a chance  in  the  determining 
parameter,  and  into  denominator  - the  tabular  interval  (space)  of  the 
determining  parameter,  it  is  possible  tc  ohtaic  the  values  of  basic 
correction  factors  for  the  calculation  cf  corrections  into  distance. 


Page  452. 


fer  the  ground-based  canncn-type  artillery 
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Last/latter  correction  factor  in  a series  ci  the  cases  gust  be 
calculated  when  A*,,  undertaken  ir  radians. 

Bor  the  trajectories  of  antiaircraft  artillery  with  the  assigned 
cc pstant/in variable  tine  t cf  formula  fer  calculating  the  correction 
factors,  they  take  the  follcuing  fern: 


* 

2 Ac 

iL« 

*<«■*,)  — y(c-kc)  m 

Sc 

2*c 

s* 

*(*»+A,.)“x  <*•-*,.)  .. 

*<b 

2A 

*. 

iL. 

B (*•+•*»>  ““  B **.  f . 

Ax 

A, 

*• 

5 Of 

corrccticn  factors 

(11-75) 


described  above  net  hods. 


Since  the  trajectory  is  deteriined  by  iaraieters  c,  v0  and  e0. 
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al£c  the  tables  of  correction  factors  have  the  saae  entries. 

ire  known  the  correction  cards  of  artillery  academy,  calculated 
by  the  aethod  of  the  nuaerical  integration  of  the  differential 
equations  of  corrections  [5S], 


In  tables  for  barrel  artillery  pieces,  they  are  given: 


Q,-»— ^ — change  in 

W% 

the  teapecature  of  air  on  1 


the  conplete  distance  with  an 
0 along  an  entire  trajectory: 


increase 


in 


— £ — change  in  the  cciplete  distance  as  a result  of  an 
increase  in  the  initial  velocity  on  1 a/s; 


<?ju  change  in  the  conplete  distance  as  a result 

of  an  increase  in  the  ballistic  coefficient  cr  haroaetric  pressure  on 
1c/c; 


change  in  the  ccaplete  distance  as  a result  of  action  on 
the  projectile  of  longitudinal  tailwind  with  a velocity  of  1 a/s, 
constant  along  an  entire  trajectory; 


QV|~  lateral  deviaticn  of  the  iapact  point  in  the  projectile 
as  a result  of  the  action  of  cross  wind  at  e rate  of  1 a/s,  constant 


i 

! 
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alcrg  an  entire 

Practical  work  on  tables  is  reduced  tc  linear  interpolation  in 
teras  of  the  assigned  irtake  values  cf  c,  *0  at d 8a. 

Page  453. 

§4.  Cprrection  into  firing  distance  artillery  shells  during  a change 
io  the  initial  weight. 

Vhe  weight  of  projectile  affects  bet h the  aoticn  of  projectile 
in  the  bore  cf  artillery  instruaent,  deteraininc  its  initial  velocity 
and  tp  the  trajectory  cf  its  free  flight  it  the  dense  layers  of  the 
ataosphere.  Firing  distance  depends  cn  three  values:  v0,  c and  0O; 
the  weight  of  projectile  is  deterained  first  twc.  Consequently,  at 
tbc  fixed  angle  of  departure  it  is  (cssiblc  tc  write  xc—f(o*>c) 

let  us  sake  an  assuapticn  about  indepetdence  of  action  v0  and  c 
cq  fixing  distance  and  we  will  use  the  differential  correcting 

fcraula 


E*GE  ^ ^ 
tra jeeter  y. 


The  dependence  of  the  icitial  velocity  cn  tie  weight  of  projectile  we 
will  pfctain  on  the  correcting  fcraula,  knowt  frea  interior 
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ballistics, 

»*— ««%■£ . 

•Mtt  <»-  correction  factcr. 

trca  foraula  for  tie  ballistic  coefficient  c=  (id*/tf)10», 
accepting  product  id*  constant,  taking  the  legaritha  of, 
dif ferentiating  and  replacing  inf initesiaal  increases  by  final  lou, 
ue  uill  obtain  Substituting  6v*  and  %c  it  (11.76),  let  us 

have 


(11.77) 


Cage  *54. 

lx# 

Since  correction  factor  value  negative,  is  convenient  to  take 

it  by  absolute  value  and  then 

v hence  correction  factor  into  distance  directly  by  Height  of 
projectile  is  equal  to 


(11.  W) 


Taking  into  account  this  designation  ue  uill  obtain 

*c— 


k 
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Bepending  on  specific  conditions,  the  correction  factor  and 
correction  into  distance  fcr  the  deviation  cf  the  weight  of 
pxcjedtile  can  have  different  signs. 

§5.  Account  of  the  effect  of  the  atmospheric  parameters  cn  rocket 
flight  and  of  artillery  shells. 

theoretical  studies  and  firings  ccnfin  the  essential  effect  of 
the  deviations  of  weather  factors  ircm  their  normal  values  for  rocket 
flight  and  projectiles.  The  effect  cf  weather  factors  is  considered 
during  determining  cf  metier,  characteristics,  dcring  the  calculation 
cf  scattering  trajectories  and  the  determiqcticn  of  the  accuracy  of 
firing,  in  the  calculaticns,  connected  with  the  design  of  the  system 
cf  the  flight  control,  and  during  calculaticns  .or  strength. 

Jo  ballistics  the  effect  of  the  deviations  of  the  atmospheric 
parameters  of  rocket  flight  and  projectiles  car  be  taken  into  account 
by  three  methods.  First  method  - calculation  of  corrections  according 
to  the  ground>based  deviations  of  pressure,  humidity  and  temperature 
frem  the  normal  under  the  assumption  of  the  validity  of  hypothesis 
about  tte  vertical  equilibrium  of  the  atmosphere  and  the 
presesvation/retention/iaintaining  of  the  character  of  a change  in 
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th«  teaperature  with  the  height/altitude  of  the  similar  of  the 
function  r (y) , accepted  in  standard  atmosphere.  An  example  of 
obtaining  correction  factors  into  distance  to  the  deviation  of 
ground-based  barometric  pressure  and  virtual  teiperature  is  placed  in 
$3  present  chapters  [fcraula  (11.43)  aoc  (11.45)]. 

fhe  second  method  consists  in  deterainaticn  and  use  of  ballistic 
Bean  deviations  of  weather  factors  - average,  conditionally  constant 
with  respect  to  an  entire  trajectory  of  the  deviation  of  virtual 
teaperature  from  normal  law  and  conditional ly  constant  neutral  wind. 
The  first  and  by  the  second  aethods  are  applied  most  freguently  in 
practical  work  during  preparation  of  firings  acd  processing  of  their 
results. 

Page  455. 

theoretically  stricter  is  the  third  scthod  according  to  which 
into  the  systems  of  differential  equations  cf  action  are  introduced 
the  equations,  which  directly  determine  a change  of  the  weather 
factors  in  the  function  of  any  coordinate  (lost  freguently 
height/altitude)  or  in  the  function  cf  time.  Kith  a strict  account  of 
the  effect  of  a change  in  tie  atacspberic  paraaeters  to  rocket  flight 
and  artillery  shells  in  calculation,  aust  be  utilized  the 
coficrete/specif ic/actual  (exper iae ntal)  functions,  obtained  according 


toe  - 78107116  PAGE  *5-  ^ ^ 

to  the  results  ot  the  scutding  cf  the  atmosphere. 

Outing  forecasting  of  a change  in  the  leather  factors,  are  used 
the  statistical  processings  of  the  results  cf  eeteorological 
investigations.  The  resclts  cf  statistical  processing  can  be 
represented  in  the  fora  of  the  randc*  functions,  comprised  on 
coordinates  and  on  tine.  Statistical  piccessing  cn  coordinates  is 
ctilited  usually  in  ballistic  calculations,  statistical  processing  on 
tiie  is  utilized  predoninantly  during  settieg  cf  wind  load  on  flight 
vehicle  in  stress  analyses,  in  the  stability  acalyses  of  aotion  and 
flight  dynamics  in  the  restless  atiosplere. 

5.1.  Account  of  a barometric  change  and  teapereture. 

A barometric  change  and  temperature  on  height/altitude  for  a 
standard  atmosphere  is  exanined  in  chapter  11,  §3.  With  the  wish  to 
ccpsider  in  ballistic  calculations  the  concrete/specific/actual 
realization,  experimental  or  calculated,  it  is  necessary  to  have  the 
data  pn  a barometric  chance,  husidity  and  teiperatures  of  air  on 
height/altitude,  presented  in  the  fern  cf  fcriulas,  tables  or 
curve/graphs.  Air  humidity  easily  is  considered  through  virtual 
temperature  cn  formula  (2.4S).  Pressure  and  teiperature  are 
introduced  into  calculation  according  to  fcriulas  for  an  air  density 
(2.43)  or  (2.51),  temperature  is  considered  also  in  formula  for  the 
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s peed  c£  sound.  During  the  use  of  curve/graph  e*(M)‘,  comprised  for 
ground-based  standard  conditions,  the  effect  of  a change  in  the  speed 
of  sound  in  height/altitude  for  drag  can  he  considered  on  formula 
(2.108).  A change  in  the  thrust  ir  height/altitude  must  be  calculated 
for  ccncre te/speci f ic/a ct ual  meteorological  realization  according  to 
common/general/total  equation  (2.115). 

It  is  obvious,  each  realization  of  the  charged  weather 
constituents  on  height/altitude  requires  the  independent  solution  of 
the  selected  system  of  equations. 

Cage  456. 


t 

I 

ii 


I 

I 


1 


5.2.  Equations  of  motion  cf  the  projectile  of  constant  mass  upen 
consideration  of  a tarcnetric  chance  and  temperature. 


hi* 


•uriag  the  definition  cf  air  crag  kith  the  aid  of  coefficient 
t»(M)  t he  account  cf  a change  in  the  pressure  and  temperature  is 
cofdudtcd,  just  as  it  is  described  in  the  pieceding/previous  section 
for  the  projectiles  of  variable  mass.  If  wc  tor  determining  the  drag 
use  value  E (5.6),  then  the  system  cf  differential  eguations,  which 
describes  the  moticn  of  the  projectile  cf  constant  mass  taking  into 
acccunt  a change  in  the  pressure  and  temperature,  it  can  be  given  to 
the  general  view  of  equations  (11.14).  let  is  take  changed  value 


■'■***‘~i*-  th  £ 


£ 


Value  /(«,)  is  determined  fici  (11.25) 


Curing  a change  only  in  ballistic  coellicient  in  accordance  with 
(11. 8C)  and  (11.81)  we  will  obtain  the  following  system  of 
differential  eguaticns: 

x=-Ex-—Exi  y=  —Ey—g — — Ey-  (11.82) 

c t 

with  the  constant  ballistic  coefficient 


(11.88) 


(JL- 

/<*,)+! 

\ k 

2 

Ifter  integration  can  le  obtained  the  aoticn  characteristics  of 
the  projectile  of  constant  lass  during  the  deviations  of  pressure  6h 
and  of  virtual  temperature  6r  from  the  values,  determined  by  standard 
ataesphere.  If  we  use  hypothesis  about  the  vertical  equilibrium  of 
the  atmosphere,  then  the  changed  notice  characteristics  can  be 
obtained  depending  on  surface  pressure  and  the  function  of  a change 
in  the  temperature  with  height/altitude  [9], 


taking  the  logarithm  of  and  differentiating  equation  for  h 
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[taccaetric  function  *(y)]  and  transfer/ccnvcrting  froa  inf initesiaal 
to  finite  low  increments,  tie  kill  cfctain 


*-*-W*] 


or,  bI  differentiating  second  tern  cn  r,  let  ue  have 


Eage  457. 


Introducing  replacement  in  (11.83),  nc  nill  ottaia 

/<<>♦»  H 


/(»,)+>  It 
2 t 


last/lattei  system  of  equations  docs  net  require  for  its  solution  of 
functioning  the  barcaetcic  change  kitfc  heigtt/altitude  and  it  is 
convenient  for  theoretical  studies. 


5.3.  Account  of  wind  effect  on  the  flight  cl  the  unguided  rockets  and 
artillery  shells. 


Basic  probleas  during  the  study  of  the  action  of  wind  on  rocket 
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flight  and  artillery  shells  are:  setting  the  awchanisa  of  the  direct 
action  cf  wind  on  the  dri ving/aoving  rccket  and  projectile,  setting 
networks  of  the  notion  cf  the  aasses  of  air  and  the  proof  of  the 
legitimacy  of  the  diagrai  accepted  durirg  tie  solution  of  one  or  the 
ether  ptoblea.  Meteorological  investigations  shew  that  for  the  tine 
interval#  which  exceeds  the  tiie  cf  cne  gretp  cf  firings#  the  notion 
cf  air  aasses  in  sufficiently  large  territcry  can  be  considered  as 
relatively  steady  and  rectilinear  kith  preferred  horizontal  flows.  In 
such  flows  wind  velccity  gradients  in  tine  end  horizontal  direction 
preve  to  be  unessential.  Figures  11.15  shoks  an  exaaple  of  a change 
in  wind  velocity  in  horizcntal  direction. 


Key:  (1).  a/s. 

face  456. 

Together  with  the  relatively  tranguil  f lows  of  air  aasses,  there  is 
chaotic  vortex/eddy,  intetaittent  air  actici,  which  is  called  of 
guatioess.  The  investigation  of  the  eddying  effect  of  the  ataosphere 
cn  rocket  flight  and  projectiles  is  cciplex  independent  problea  [20]. 

Buring  ballistic  calculations  and  durirg  the  preparation  cf 
firing  usually  are  accepted  following  assuapticas  about  the  character 
cf  the  aoticn  of  the  ataosphere:  they  dc  net  cc«sider  vertical  wind 
coapoaent;  they  assuae  that  a change  in  the  wind  in  height/altitude 
reaaics  constant/invariable  within  the  liaits  cf  the  entire 
trajectory  in  question,  i.e.,  it  is  assuaed  that  wind  does  not  depend 
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co  horizontal  coordinates,  lith  the  adopted  assumptions  it  proves  to 
be  lost  convenient  to  represent  the  velocity  vector  of  wind  being  cf 
tee  cpaprising:  the  constant  70(y)  end  random  §c(g) 


(11.86) 


Ccnstant  component  correspccds  to  the  mathematical  expectation  of 
upper  hind  y and  characterizes  the  continuous  ucifora 
displaceaent/aoveaent  oi  the  Basses  cf  air.  Raiidoa  comprising 
characterizes  a change  in  tie  wind  free  one  shot  to  the  next  to 
beight/alt itude  y.  ihen  conducting  cf  calculations  the  velocity 
vectojc  of  uind  they  expand  in  the  direction  of  firing  (so-called 
longitudinal  hind) , also,  in  standard  tc  it  (cress  wind) . 


Vhe  special  feature/peculiarity  of  the  action  of  flight  vehicle 
to  the  noved  atmosphere  consists  it  the  fact  that  its  velocity 
relative  tc  the  earth/grounc  and  relative  tc  tie  driving/aoving 
masses  of  air  is  different.  The  velccity  of  flight  vehicle  (aircraft, 
rocket,  projectile)  relative  tc  the  Earth  it  is  accepted  to  call 
ground  speed,  velocity  relative  to  the  atmosphere  - air.  If  the 
greund  speed  of  projectile  (absolute)  is  desigeated  by  vector  T,  the 
velocity  of  the  notion  cf  the  atmosphere  relative  to  the  Barth 
(translaticnal  speed  - wind  velocity)  by  vector  w and  the  airspeed  of 
projectile  (relative)  through  then 


• „ . • •• 

and  the  velocity  of  projectile  in  motion  relative  to  the  atmosphere 
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Ihe  acceleration  of  projectile  in  moticn  relative  to  the  Earth  is 
equal  to  v,  and  relative  tc  the  aticsplere  *—f„  In  this  case,  it  is 
necessary  to  bear  in  mind,  that  the  aercdynanic  forces  and 
tcrque/ncnents  are  determined  by  the  airspeed,  i.e.,  gn  whose 
■odule/nod ulus  can  be  designed  cn  the  apprciimate  dependence 


xu.m 
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The  nechanism  of  tie  effect  of  wind  ir  the  general  case  during 
the  solution  of  spatial  problem  taking  iqtc  account  the  angles  of 
attack  and  slip,  determined  with  respect  tc  airspeed,  is  very 
con  pie*.  Therefore  in  practical  work  frequently  is  exanined  the 
action  of  longitudinal  and  cross  wind  separately. 


Let  us  write  by  analcgy  with  (3.44),  (3.49)  and  (3.50)  the 

systens  of  equations,  which  describe  tie  separate  longitudinal  and 
yawing  notions  of  rocket,  taking  into  account  in  then  respectively 
cqly  longitudinal  cr  only  cress  vied  ard  ccirtiry  that  thrust  ¥ is 
directed  along  the  axis  0>i  cl  recket.  For  the  axial  notion  of  the 
projection  of  vector  equality  (11.68)  cn  the  axis  of  the  starting 
cccrdinate  system,  combined  with  the  center  of  Bass  of  projectile. 


rib 

r 

i 
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act  egual  (Fig.  11.16)2 

*,-valnt  (11.90) 

Ihe  flight  path  aagla  in  relative  axial  action  is  deterained 
feet  the  dependence 

i^tssau-  <"•»« 

the  fundaaental  eguatiers,  which  describe  the  axial  action  of 
tht  ee  guided  rocket  taking  ictc  account  the  action  of  wind 
••—const,  vin  take  the  feta 

(11.92) 


?.T+Pr*!  <*-•)-<?*»  * 
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Pig.  11.16.  Schematic  cf  the  ccnstructicn  c t acgle  of  attack  in 
relative  ■otion  upon  ccnsideraticn  cf  longitudinal  tailwind. 

Kef:  (1).  Trajectory. 

Eage  460. 

Supplementary  equation  for  determining  the  angle  of  attack  in 
relative  aotion 

(11.98) 

In  accordance  with  (2. €5),  (2.66)  and  (2.6S)  aerodynamic  forces 
and  tergue/aoment  taking  into  acccrnt  the  acticn  of  longitudinal  wind 

are  approximately  egual  tc 

Xr-^ScAMr* 
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where 


c * (Wf  j|  (M,)-j-  c (®»)» 


The  systea  of  equations,  which  describes  the  yawing  notion  of 
the  uoguided  rocket  taking  irtc  accctrt  the  acticn  of  constant  cross 


wifd  w„  can  be  written  in  the  fen 

* (-Pfi+Z,); 

MV  COtl 

t=f“+P;  i— —t> cos  lain  V; 


(11.95) 


Eecall  that  velocity  v aust  he  deterained  during  the  solution  of  the 
systea  of  equations,  which  describes  axial  acticn. 


Buriny  the  determination  of  the  direction  cf  the  yawing  action 
cf  rocket  cn  powered  flight  trajectory*  has  a value  the  autual 
lccat4.cn  of  the  center  cf  aess  and  resultant  pressure  of  rocket.  The 
effect  of  cress  wind  w,  cn  rocket  will  create  supplement  ary 
aerodynamic  force  . R»,  applied  in  resultant  pressure  (Fig.  11.17).  Of 
fiqned  statically  stable  rccket  the  resultant  pressure  is 
arrange/located  after  the  center  cf  gravity  nearer  to  tail  assembly; 
therefore  under  the  action  cf  torque/acaeqt  free  force  rocket 
will  turn  itself  by  nose  section  towards  wind  sc  that  its 
lcqgif udinal  axis  will  coincide  with  the  vector  of  airspeed.  In  this 


case,  will  appear  lateral  thrust  ccapcqeqt  the  directed  against 


i 


CCC  * 78107116 


B IGF  -26- 


vied  and  when  P%>R,  rocket  Mill  L t icved  also  against  Mind.  The 
sp in-stabilized  missiles  as  a result  ci  derivation,  composite  action 
cf  the  force  of  Magnus  and  cross  Mind  can  he  moved  on  pouered  flight 
trajectory  in  Mind  direction.  Cn  inactive  leg  with  P-0  the  rocket 
just  as  the  projectile  cf  barrel  sjs tea.  Mill  he  moved  in  the 
direction  of  cross  Mind.  Figures  11.16  depicts  the  schematic  of 
yawing  motion  against  kind  cf  the  statically  stable  fin-stabilized 
rocket  on  pouered  flight  trajectory  under  the  assumption  that  the 
rocket  is  inertia- free. 


Page  46  1. 


Let  us  designate  the  horizontal  projection  cf  the  velocity  of  the 
center  of  mass  in  the  starting  coordinate  systea  through  u=v  cos  0, 
the  hprixontal  projection  cf  the  sgeed  in  relative  motion  through 


Hr. . ter  rig.  1 1. 1 6 

co,T,-*-g»,e°*V 


(11.96) 

(11.97) 


supplementary  equation  for  determining  the  slip  angle  in  the  relative 


yauing  motion 


(11. 9S) 


Aerodynamic  forces  and  torque/moment  taking  into  account  the  action 
cf  cross  wind  will  he  equal  to 

a-s3*i sm  *•»,-**» 9-  (»••) 


(ll.W 


ECC  a 18107116 


FACE 


i 


\ 


Cjl3~ 

% 


rig.  11.  17.  flotation  of  the  unguided  f in-stabilized  rocket  against 
■ led. 


Pig.  11.18.  Schematic  of  construction  of  slip  angles  during  yawing 


action  of  rocket  against  wird. 

Eage  462. 

figures  11.19  depicts  the  schenatic  of  yawing  notion  stabilized 
by  rolling  of  the  rocket  (projectile)  in  powered  flight  trajectory  in 
the  case  when  lateral  ttrist  ccnpcrent  acts  in  wind  direction. 
According  to  Fig.  11.19 


r 
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and  sapp leaentary  equation 

(11.102) 

fee  spatial  aotion  with  constant  aind  irci  vector  equality 
(11.88)  we  uill  obtain  for  acdulus  cf  velocity 


(11. 103) 

■here  vm,  Vp,  ot  and  •«,  »v  and  _ projection  of  the  velocity  of 

the  center  of  aass  of  projectile  and  prcjecticr  of  Hind  velocity  cn 

the  axis  of  the  startinc  coordinate  system,  combined  Hith  the  center 

cf  aass.  Upon  consideraticn  only  of  horizontal  component  wind 
\ • 


III*  Id) 

Considering  stable  rocket  as  aaterial  point  of  variable  aass  and 
tailing  into  account  that  hith  wind  force  vector  of  thrust  coincides 
with  the  airspeed  of  the  center  of  lass.  He  nill  obtain  the  cosines 
cf  the  angles  betneen  the  direction  cf  airspeed  and  the  corresponding 
axes  cf  the  starting  systex  cf  coordinates 

>.  (11.106) 


i I 

ti  \ 


Fig.  11.19.  Schematic  of  the  construction  cl  slip  angles  during  the 
yawing  notion  of  rocket  in  kind  directicq. 

Cage  463. 


For  a statically  stable  f in-stafcil  ize  d rocket  c$  powered  flight 
trajectory*  the  system  cf  equations  cf  moticn  taking  into  account 


wind  nill  take  the  fora 


mm,  2m 

= Sc,  (Mr)  - g ; 

wVr  W* 

f''  Mf). 

' mm,  tm 
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Curing  the  study  of  the  icticn  cf  the  c yr cscopically  stable 
rocket  (TRS)  on  powered  flight  trajectory  ir  the  right  side  of  the 
last/latter  equation  of  first  term  the  sigt  atst  be  changed  by 


i 


(11.  107) 
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Fcr  the  projectile  of  constant  Bass,  syste*  (11.106)  will  take  the 
fori 


f,*  -—2^  Scx(Mf){ 

2m  - 


(11. 108) 


If  we  determine  the  dray  through  the  tallistic  coefficient  of  c 
and  function  Ofv,),  then  value  £ in  (5.6)  icst  te  calculated  through 
velocity  ^ 

E,’~cH,(g)0(+f).  (11.109) 

icr  the  projectile  of  constant  iass  the  system  of  eyuations, 
fchich  considers  wind  effect,  can  te  vritter  in  the  form  of 
coimoi/general/tot al  systei  (11.14) 

x«—  £,(*— «,);  z-*—Er(z-w,).  (11. 110) 

Using  (11.104),  it  is  fqssitle  tc  cfctair 

(11.111) 

ihere 


and  •^V'^+7+S- 
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The  velocity  o£  the  projectiles  of  ccrstant  mass,  as  a rule,  is 
considerably  sore  wind  velccity.  Ee  jeet/threwire  in  (11.111)  teres 


w*/v*  and 


leu  in  comparison  with  unity,  expanding  simplified 


function  (11.111)  in  a tinenial  series  and  disregarding  in  it  the 
teras,  which  contain  relation  to  tie  projection  of  wind  velccity 
wx  to  the  ground  speed  in  larger  that  by  the  first,  degree, 
possible,  following  [9],  to  ettain 


V,=v-wx  — ; 

V 

(11.  112) 

0(t^)=o(V,)Ji_wx-£^Lij. 

(11. 113) 

*-*[■-'  '-(4 

(11.114) 

where  /(«,)  is  determined  from  (11.25). 


Eage  464. 


Substituting  Er  in  (11.11C)  and  disregarding  the  small  second-order 
guantities,  it  is  possible  tc  ofctair 


-£»+£ 


(11.115) 


* E(z-Wx).  f 

5.4.  Account  of  wind  effect  on  the  flight  of  the  guided  missiles. 
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Sot  the  guided  nissiles  cl  different  t ypes  wind,  it  is  one  of 
the  basic  perturbation  factors  whcse  actic>  is  parried  by  the  control 
systea,  which  holds  the  center  of  aass  cf  cccket  in  the  predeter  lined 
trajectory.  The  deviaticr.  cf  projectile  fret  calculated  trajectory 
under  the  effect  of  wind  load  is  the  ccspcntnt  part  of  the  overall 
errer  for  the  firing  the  guided  aissiles.  £ct  all  types  of  the 
ccatrcl  systeas  parry  hind  and  in  certain  cases  its  acticn  Bust  be 
considered  by  the  methods  of  ballistics.  During  preset  control  only 
cc  the  pitch  angles,  yaw  anc  bank  the  ccntrcl  system  cannot  consider 
and  parry  the  deviatiers  cf  ccordirates  x,  y ape  z,  caused  by  the 
action  of  hind.  Assuming  that  the  ccntrcl  provides  obtaining  the  zero 
angles  cf  bank  and  yaw,  let  us  cosprise  system  cf  equations  for 
determining  cf  the  longitudinal-behavior  characteristics  of  the 
cccket  at  the  assigned  tilt  angle  •*(/)  anc  with  rectilinear 
horizontal  displacement/mcvement  cf  the  aasses  cf  air.  As  before  let 
us  designate  calculated  values  in  relative  acticn  by  iudex  r and  froa 
(3.56)  will  have 


«*r“ 


«a£5/«f 


(11.  lit) 


after  which  on  (3.58)  we  hill  obtain 


O «r 


' + •*,  **» 


laviqg  longit udina 1- te ha v ior  characteristics,  yawing  notion 
taking  into  account  wind  car.  be  calculated  lcci  the  separately  sclved 


Sigce  then  in  yawing  notion  axis  of  iccket  nust  be  noved  in 

Eatallel  to  itself  (Fig.  11.20). 
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Fig.  11.20.  Flow  chart  cf  tie  guided  missile  u(co  consideration  of 
th«  action  of  cross  wind  (ft-Oj* 

Page  467. 

During  control  on  coordinates,  wind  ellect  is  parried  by  the 
control  system,  the  dynamics  of  metier  in  the  restless  atmosphere  and 
the  calculation  of  the  ccrtrol  system  fer  wird 

distur lance/perturtatic t is  examined  in  the  automation  of  guided 
missiles  [ 19  ],  [20  ]. 

5.5.  Ballistic  neutral  wind  and  ballistic  temperature  deflection. 

Introduction  into  the  ballistic  calculation  of  the 
concrete/specific/actual  furcticns  cf  a charge  in  the  temperature  and 
wird  cn  height/altitude  is  laborious  problem.  Each  meteorological 
realization  reguires  tbe  independent  solution  cf  complex  system  of 
egmations.  Considerably  the  more  simply  approximation  method,  which 
consists  in  obtaining  cf  tbe  corrections,  designed  cn  differential 


i 
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correcting  foraulas.  The  ap { licaticn/use  cf  differential  correcting 
fcraulas  for  determining  the  corrections  fci  vied  and  deviation  of 
teaperature  cf  air  from  noraal  function  r(y)  proves  to  be  possible, 
if  we  introduce  intc  calculation  neutral  ccrstast  according  to  an 
entire  trajectory  wind  and  constant  deviaticr  of  temperature.  These 
constants  were  called  ballistic  average.  Ballistic  wind  - eB  and 
ballistic  teaperature  deflection  - the)  are  defined  froa  the 

condition  that  those  caused  by  their  acticr  cf  the  deviation  of 
impact  point  will  be  tte  saae  as  during  the  teal 
ccpcrete/specif ic/actual  realization  of  a cfancc  in  the  wind  and 
teaperature  og  height/altitcde.  If  are  kqcwr  ballistic  average,  then 
tbe  deviations  of  inpact  pcint  frea  these  designed  under  qcraal 
aeteorclogical  conditions  will  be  determiner  according  to  simple 
foraulas.  Correcticn  irtc  distance  fee  ballistic  teaperature 


deflection  is  egual  to 


(11.122) 


Correction  into  distance  for  the  action  of  longitudinal  component  of 


the  ballistic  wind 


hr. 


(11. 123) 


the  lateral  deviation  of  ia{act  pciat  fees  the  ectioa  side  component 


cf  the  viqd 


(11.124) 
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the  aost  theoretically  substantiated  aethcd  of  calculating  the 
ballistic  average#  suitable  for  sciertific  research  works  and  the 
ccntrcl/check  of  approximation  methods#  follows  cf  the  condition 
indicated  above  of  their  determina tier.  Box  an  exaaple  let  us  examine 
calculation  procedure  lcrgitudinal  competent  of  ballistic  wind,  on 
the  data  af  the  undisturbed  nominal  trajectory#  we  determine  firing 
distaace  x*  and  ccrrecticx  factcx  to  constant  in  an  entire 

jUr- 

trajectcry  wind  - —*  . 

(age  468. 


the  determination  of  correction  factor  we  csrry  cut  one  of  precise 
methods#  described  above,  for  exaaple#  by  tie  solution  of  the  system 
of  equations#  which  includes  constant  wind. 


trajectory  calculation  is  repeated  during  the  practical 
realisation  of  a change  by  wind  component  ir  beight/altitude#  is 
determined  Xc*M  correction  into  distance. 

(II*  125) 

Longitudinal  component  of  ballistic  wind  fox  a 

concrate/specif ic/actual  trajectory  and  corcrete/specific/actual 
fa  action  is  e?ual  to 


( 


wind 
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A similar  method  can  be  used  fcr  detertininc  sice  coaponent  of 
tallistic  wind  - w„  end  ballistic  teaperatcre  deflection  dt*. 


Bor  a practical  week  are  at  plied  acre  idle  tine,  but  less 
precise  method,  connected  kith  the  determinetic c of  the  weights  of 
lasers.  For  determining  the  weights  cf  layers  aqd  ballistic  the 
aedian  trajectory  it  is  divided  cn  height/altitude  into  a series  of 
layers  (usually  an  egual  thickness),  lie  thickness  of  each  layer  is 
taken  depending  on  trajectciy  height  fica  2CC  tc  800  a,  multiple  of 
100  a * For  each  of  layers,  are  detcrained  tie  correction  factors 


mi  &):  ($). 


First  two  determine  charge  in  the  ccaplete  distance  with  an  increase 
in  the  temperature  cn  1°K  ard  wind  velccities  cn  1 m/s  only  in  the  i 
layer.  The  third  correcticn  factor  determines  the  lateral  deviation 
cf  the  impact  point  in  the  projectile  with  cress  wind  1 a/s  only  in 
the  i layer.  The  calculaticr.  of  each  ccrrecticr  factor  for  the  i 
layer  is  conducted  independently;  with  a chance  in  the  temperature  or 
the  account  cf  wind  in  the  i layer  in  remaining  layers,  is  assumed 
normal  law  T(y)  and  deac  cals.  Fcr  each  trajectory  it  is  necessary  to 
conduct  n of  the  calculations  where  n - miriaua  number  of  whole 
layers,  in  the  sum  of  height/altitudes  cf  which  is  placed  the 
trajectory  height.  Ballistic  temperature  deflection  is  determined 
frem  the  equality 


\ 
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where  bt{—  dttviaticc  cf  concrete/specif ic/actual  aean  temperature 
in  the  i-th  layer  fron  mean  temperature  in  the  i-th  layer,  determined 
fcy  the  noraal  law  of  a change  in  the  temperature  on  heignt/alt itude. 


Cage  469. 


Ballistic  temperature  deflection 


ft 


(11. 128) 


Xhe  relation 


(11. 129) 


is  called  the  weight  of  the  i-th  layer 
Consequently, 


Mr,.  (11. 130) 


accc  rding 


to 


te aperature. 


She  calculation  of  the  weights  of  lay  ers  cf  ballistic  wind  is 
hinder/haapered  by  the  fact  that  wipd  is  vector  guantity  and  can 
change  sod ule/aodulus  and  directiop  depending  c;  the  number  of  a 
layer*  Furtheraore,  one-type  rccket  and  artillery  pieces,  having  the 


t 

i 

1 


■was sac. 
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identical  weights  of  layers,  will  have  different  ballistic  wind 
defending  on  the  line  of  fire.  Because  of  ttis  the  calculation  of 
ballistic  wind  is  conducted  for  the  ccr.diticsal  line  of  fire  with 
zero  aziauth,  i.e. , for  a directicr  in  north,  with  the  subsequent 
ccnvexsioB  in  the  real  line  of  fire  [18].  lie  line  of  fire  is 
detereined  by  the  aziauth  cf  firing  A*»—  ty  the  angle,  calculated 
clockwise  off  direction  in  north  before  directicn  in  tar get/ purpose. 
Aziauth  of  wi^d  tfce  angle,  calculated  also  clockwise  off 

directicn  in  north  to  the  vector  of  wind,  directed  toward  the  firing 
position  (Fig.  11.21).  lhey  have  plus  sign  the  lcngitudinal  wind, 
directed  teward  target/perp cse  (i.e.  tailwind),  and  the  cross  wind, 
which  blows  to  the  right  frea  the  line  cf  tire. 


CCC  * 78107116 


PAGE 


fif.  11  .21.  Azimuth  of  filing  a„  and  the  aziauth  of  wind 

Key:  (1).  North.  (2).  Nest.  (3).  East.  (4).  hind  direction.  (5).  Line 
cf  fire. 


Cage  470. 


According  to  determination  lor  the  incidental  tallistic  wind, 
directed  fron  north  to  soutfc,  it  is  possible  to  write  the  equality: 


ixr 


'(C-k »i 


whence  the  longitudinal  tallistic  wind 


•*  (C— ») 


»(C  -»)<, 


(11. 131) 


where 


(11. 132) 
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- weight  of  a layer  on  longitudinal  ccifonat  ct  ballistic  wind. 


the  lateral  deviation  ct  projectile  unccr  the  action  wind 
ccapoaent,  which  blows  f rca  the  east  tc  west,  is  equal 


■£(*)/ 


t(t-a)  i 


Heqce  tide  ccaponent  the  velocities  cf  the  lallistic  wind 


where 


« 

'•■‘-m.iz- 


(11. 133) 


a layer  on  side  component  wind  velocity. 


the  direction  of  the  action  of  tallistic  wind  is  determined  froa 


the  acgle 


(11. 134) 


If  ballistic  wind  is  directed  toward  tie  fixing  position  froa  the 
first  fourth,  thea  if  fre  « the  seccnd  fourth,  then 

if  froa  the  third  feerth,  then  |W and  if 

froa  the  fourth,  as  shewn  it  Fig.  11.21,  then 

Modulus  of  velocity  cf  the  ballistic  wind 

Vor  the  real  line  cf  fire,  lcngitadinal  and  side  components  of 


m >*«  ■:+ 
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ballistic  «ind  are  determined  frem  the  foriulas 

»»*=-  — »sCO»(A*T— A^Jg  * tfe) 
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The  weights  of  layers  qmx,,qmgi  for  cne  and  the  same  layer  it 

is  various  in  value  and  depends  on  the  nuttier  cf  a layer.  If  we  in 
formula  (11.127)  assuae  »!,  = *«,=  •••  *=*H,=k,t  then 

• ■ • +ft„=15  is  analogous 

Equality  to  the  unit  of  the  sub  of  the  weights  cf  layers  is  testing 
the  correctness  of  their  calculation.  For  Cclculating  the  corrections 
into  ccnplete  flying  rarge  for  wind  and  deviation  of  temperature  in 
ccqnection  with  artillery  shells  the  weight  of  layers  in  the  first 
approximation,  can  he  designed  cn  obtained  in  parabolic  theory 
fcnula  (10.  16)  . 


For  different  systems  and  the  trajectories  of  one  system,  the 
weight  of  layers  will  he  dilferert  ard  it  list  he  calculated 
previously.  During  the  preparation  cf  concr ete/specific/ actual 
fixings  at  the  data  of  setecrclcgical  tullcttir  are  calculated  from 
layers  of  deviation  <yj«,  after  which  are  calculated 

ballistic  temperature  deflection  and  ballistic  wind. 


t 

i 
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5.6.  Approximation  correcting  fcrsulas  to  lcngitudinal  and  lateral 
constant  wind. 


Ihe  set-forth  method  is  developed  for  the  account  of  the 
separate  effect  of  constant  longitudinal  anc  crcsswind  on  the  aoticn 
of  the  center  of  mass  cf  artillery  shell.  Vertical  component  wind 
velocities  is  not  considered. 


let  us  examine  first  only  axial  action.  Ihe  special 
feature/peculiarity  of  Betted  consists  iq  tie  fact  that  relative 
icticn  of  the  center  of  mass  of  projectile  is  examined  in  the 
coordinate  system,  which  accomplishes  translational  motion  relative 
tc  the  Earth  in  wind  direction  with  its  velocity,  complete  firing 
distance  relative  tc)  (in  atsclute  setioq  Earth  with  longitudinal 
tailwird  wx  is  equal  to 

(11.137) 

where  Xcr—  distance  in  relative  wet  icq; 

total  flying  time,  identical  teth  in  relative  and  in 
ahsclete  actions. 


Designating  — distance  in  absolute  motion  with  dead  calm. 
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He  «ill  obtain  correction  for  the  lcngitudiral  Hind 


* »* 


{11. 138) 


Fa  g e 072. 


Eifference  Xcr—Xc  is  usually  siall  for  its  determination  it  is 
possible  tc  use  differential  correcting  fcriule,  bearing  in  sind  that 
the  trajectory  of  the  projectile  cf  ccnstart  mass  is  determined  by 


values  v0,  0o  and  c 


:.  (11.139) 


Differences  in  the  initial  velocities  end  angles  of  departure  in 


absolute  and  relative  sutlers  are  equal  to 

*>.— **•-**;  U,-llr-lr 


(11.140) 


Eifference  in  the  ballistic  coefficients  6c=0. 


The  relative  initial  velocity  in  axial  action  and  the  angle  of 


departice  along  Fig.  11.2 2 are  egual  tc 


(U<  Ml) 
(11.1*2) 


- (»•  1*2) 

After  the  deteraioaticn  of  basic  correction  factors  **c 

’ * 

and  of  the  tine  of  aoticn  <c  along  the  data  cf  noainal  trajectory. 
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it  is  necessary  to  calculate  and 


Correction  foe  longitudinal  wind  will  te  determined  according  to 

forsula  (11*139).  For  high  initial  velocities  it  is  possible  to  use 

kith  Icrssla  (1 1*  1 12) 0 after  raplaciag  is  it's/*  by  cos  9„  ; then 

. (11.  Mt> 

let  us  present  (11*142)  in  the  fori 
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*ig.  11  .22.  Schematic  of  the  determination  cf  the  initial  velocity 
aid  angle  of  departure  in  relative  plane  vcticc  under  the  effect  of 
cofstant  tailwind. 

fig.  11.23.  Schematic  cf  deter tinaticn  cf  initial  velocity  and  angle 
cf  departure  in  relative  yaving  acticr  under  effect  cf  constant  cress 
vied. 

Fage  473. 

Cecoapcse/expandin g the  value,  included  intc  brackets,  in  a binoaial 
series  and  onitting  the  venters  of  the  secctd  acd  higher  than  the 
erder  of  saallness,  it  is  pcssible  tc  cttaii: 

Ccanting  approximately 
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Iron  the  saae  figure  11.23 


*v" 


(11. 148) 


fcr  relatively  low  angles  of  departure  and  large  v0  can  be 
counted  and  i G o = 0.  with  the  adopted  assuaptions  lateral 

deviation  *r  is  deteriincd  by  the  rctaticr  cf  trajectory  plane  of 
relative  notion  relative  to  the  systea  cf  coordinates  OrXrUrZ,  around 
axis  yr  to  angle  T«,  and  then  for  an  ixpact  point 


face  «7«. 


The  lateral  deviation  cf 
starting  coordinates  for 
to  (11.146)  is  egual 


projectile 
current  pc 


cf 

int 


relatively  terrestrial 

in  tie  trajectory  with  respect 

(11.150) 


and  fcr  an  iapnct  point 

*e*,-*i 


■vcwlo 


e*#} 


• (11.151) 


let  us  note  that  value  — — — is  cfctained  without  the 

account  longitudinal  coapcnent  wind  velocity.  If  we  consider 
lcjgitudinal  conposent  of  wind,  thcr 


152 
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As  a result  of  the  Bade  siaplif icatione  ic  foraula  (11.145)  and 
(11.151)  give  noticeable  eners  at  the  low  initial  velocities  and  the 
large  angles  of  departure.  Acceptable  results  can  be  obtained  cn 
(11.145)  and  (11.151)  with  vo>250  «/s  and  6e<45«. 

§6.  Deteraination  of  corrections  during  the  calculation  of  coaplex 
trajectories. 

Ccaplex  trajectories  are  subdivided  irtc  the  individual  sections 
which  are  distinguished  b)  the  character  of  effect  on  rocket  flight 
and  projectiles  of  the  lasic  and  perturbation  fever  factors.  Fcr 
exaaple,  under  the  effect  of  cross  wind  on  the  active-reactive 
statically  stable  unrotated  nine  it  Mill  twice  change  the  direction 
of  yasing  notion  (Fig.  11.24).  on  the  first  inactive  leg,  the  nine 
will  be  aoved  in  wind  dirccticn,  cc  the  second  section  (active)  the 
yawing  notion  of  nine  will  te  directed  agaicst  wind  and  on  the  third 
section  (second  passive)  the  line  will  be  a<,air  aoved  in  the 
dirccticn  cf  cross  wind.  Value  and  the  sige  ci  drift  of  rocket  froa 
plane  of  reference  of  fierce  cn  the  first  aid  second  sections  j.  aad* 
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active-reactive  Bine  un 

Fage  475. 

For  each  of  the  section 
ace  deters ined  by  the  i 
transition  point  to  the 
the  vector  of  speed  and 
*ass  at  the  acaent  of  t 
the  sections  acts  its  s 
rccket  (projectile)  det 
the  nest;  the  horizenta 
not  have  acute  angles, 
correspond  to  the  point 
i'.  e. , 
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Coordinate  definition  tf  the  end  joints  cl  complex  trajectories 
- the  point  of  shell  burst  with  antiaircraft  fire  and  of  the  iapact 
joint  in  the  projectile  with  contact  firing  - it  is  possible  tc 
conduct  in  the  Banner  that  this  was  described  above.  Systems  of 
egnatiens  for  each  of  tie  sections  test  include  basic  forces  and  the 
perturbation  factors  whose  effect  cn  tie  results  of  firing  is  assumed 
to  establish/install,  action  characteristics  at  the  end  point  of  the 
preceding/pre  v:.ous  section  will  be  initial  renditions  for  that 
folio*. 


Euring  the  use  of  differential  correcting  formulas,  the 

correction  factors  aust  be  determined  separately  for  each  cf  the 

sections;  the  obtained  corrections  icst  subsequently  be  summarized 

taking  into  account  their  signs.  It  is  necessary  to  keep  in  mind  that 

the  method  of  differential  correcting  fcraclas  in  application  to 

cciplex  trajectories  is  net  considered  transient  processes  from  one 

section  to  the  next.  It  is  assumed  that  the  new  system  of  forces 

iaiediately,  without  transient  process,  ebarces  the  direction  cf  the 

■ctica  of  the  center  of  mass  of  rocket  cr  jrcjectile.  Upon  this 

setting  sacoth  curve  of  tbe  horizontal  jrojccticn  of  trajectory  in 

fig.  11.24  will  be  converted  into  breken  lire  with  salient  points  at 

the  emd/leads  of  the  secticns.  Let  us  cxamice,  for  an  example,  tbe 

calculation  of  the  lateral  deviation  of  the  impact  point  in  the 

on guided  rccket  fro*  plane  cf  reference  of  tirirg  under  the  effect  of 
ccgatant  croaa  wind  (Pig.  11.25). 


I 
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Ug.  11.25.  Circuit  of  lateral  displaccaeqt  cf  projectile  of  constant 
■ass  under  action  cf  cress  kind. 


Key:  ,(1).  Iapact  point.  (2).  Plane  ct  reference  of  casting.  (3) 
firing  position. 


Cage  <176. 


Pciat  Ifc ~ projection  cf  tie  point  cf  the  tnd/lead  of  pouered  flight 
trajectory  oa  horizontal  plane.  Distance  frea  point  fc,  oa  the 
projadtion  of  the  plane  ci  casting  ct  horizontal  plane  (line  of  fire) 
- 14,  Let  oa  designate  throagb  *c«  — deviatica  cf  the  iapact  point  in 
the  projectile  froa  the  line  of  fire*  deteninec  by  deviation  Ifc.  the 
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lateral  displacement  of  projectile,  determined  ty  the  deviation  of 
velocity  vector  of  angle  AV*  ia  hcii2crtal  place,  let  us  designate  - 
*®S*  The  lateral  displaceaent  of  projectile,  determined  by  the 
dcvinticn  cf  velocity  scdulus,  let  ts  desigcate  through  *c#|t  and  the 
lateral  displaceaent  of  projectile,  determined  ty  the  effect  of  wind, 
let  us  designate  *c»,-  For  the  case  then  the  deviation  of  determining 
parameters  IV,  >0;  AtgCO;  6c*<0  and  »x<0,  in  accordance  with  Fig.  11.25 
we  obtain  the  total  lateral  deviation 

*c— (11.153) 

Ctiliring  a differential  correcting  formula,  we  will  obtain 
Zj—  — ' f la,  — • W,  — ^ — — ^lvP  (11.154) 

<i,  AT,  1 htt  ' *n,  r 

Corrections  for  wind  «,  and  for  a change  ir  tie  velocity  at  the  end 
cf  the  operation  of  engine  An*  arc  deternired  by  one  of  previously 
examined  methods. 


Kith  the  adopted  assumptions  the  deviatief  ti,  will  lead  tc 
cguivalent  displacement  relative  tc  axis  Ox  cf  the  projection  of  an 
entire  trajectory  cn  hcri2crtal  plane,  i.e.. 


rr*  awn 


Correction  factor  for  a charge  in  the  angle  if,  mill  be  determined 
frem  geometric  considerations.  Let  the  velocity  vector  of  9U  be 


I 
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deflected  free  the  plane,  parallel  to  plane  cf  reference  of  firing 
and  passing  through  pcirt  K,  by  angle  y^(in  icclined  plane);  then 


sin  W.«e 


t»*.  • **/ 


Fees  Fig. 


11.25 


Here  /*  — length  of  inactive  leg  when  '§ jfayfl  Cn  the  saallness  of 
angle,  it  is  possible  tc  accept  |h  fftYjellL'i  and  then 

- -el  .jP 

* «. 

where  the  correction  factor 

Fage  477. 


let  us  examine  the  procedure  cf  tie  calculation  of  the 
corrections,  which  consider  the  curvature  cl  the  harth.  For  the 
spherical  model  of  the  Earth  ir  the  central  gravitational  field  of 
the  plane  cf  two  trajectories,  agitated  anc  net  disturbed,  they 
comprise  the  dihedral  angle  whose  fin/edge  traverses  the  conditional 
center  cf  the  Earth.  The  value  cf  dihedral  angle  will  be  determined 
by  the  lateral  deviaticr  cf  point  K cf  value  &2h..  Let  us  designate  the 
calculated  end/lead  of  the  engine  cperaticc  with  point  , the  reel 


. — w •«**.„  WWU 
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end/lead  of  the  engine  operation  - ty  a poirt  K.  The  projections  of 
points  K,  and  of  K on  the  surface  of  the  spherical  model  of  the 
Earth  let  us  designate  k3  and  res  pec  t i vel  j , impact  points  let  us 
designate  C9  and  C.  The  fin/edge  cf  dihedral  angle  is  lccated  from 
the  radius-vectors,  which  connect  points  K*  and  K with  the 
ccrditional  center  of  the  Earth,  cn  angle  r/2-  It  is  obvious.  Steal* 
as  this  was  obtained  earlier  fer  lew  firing  distances  with  the 
ncnintcrsecting  planes  lasic  ard  that  agitated  cf  trajectories.  Let 
us  designate  in  Fig.  11.26  intersection  of  the  fin/edge  cf  dihedral 
angle  with  the  surface  of  the  Earth  ty  point  - a.  It  we  do  not 
consider  the  difference  between  tfc  at  beight/altitude  jfe  end  on 

the  surface  of  the  Earth,  then  it  is  possible  tc  U3e  similar 
spherical  triangles  Ml:  and  frem  spherical  trigonometry 

S'  • '*r ■ ■ 


and,  which  means,  that 


-_coe9ti 
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Pig-  11-26.  Lateral  displacement  of  the  projectile  of  constant  mass 
«...  depending  on  the  lateral  linear  deflection  cf  initial  point  te* 


Pig-  11.27.  Lateral  displacement  cf  projectile  cf  constant  a ass  ^v, 
depending  cn  lateral  angular  deflection  of  velocity  vector  . 


Eage  478, 


Kith  the  low  range  angle 


>^*1  OmA,  *c,*1«p 


In  the  particular  case,  vie 


■ a*—-. 


Let  us  exanine  correction  for  angular  ceflection  tWm  with  the 
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spherical  aodel  of  the  Earth.  In  Fig.  11.2?  sides  of  spherical 
triangle  CPK3  and  CK3  are  projections  eg  the  surface  trajectories  of 
calculated  and  disturbed  Earth.  The  lateral  deviation  of  iapact  point 
free  trajectory  plane,  passing  through  points  R and  Cp,  determined  by 
angular  deflection  vrm,  we  will  obtain  iron  spherical  triangle  CpK3C 


Ra  dn  2t  d*c  „ 


(11.159) 


The  correction  factor 


***** 


(11.  MO) 


The  great  value  correction  »_  will  have  with  range  angle  = 
-j-**  with  distance  2f»2 n the  correction  will  tecone  equal  to  zero. 
With  short  distances  sHfdtasj^-  and  then  ve  will  obtain  already 
krewn  to  us  formula  (11- 156)  . 
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Page  479. 

Chapter:  XII. 

Initial  conditions  of  shot. 

Type  and  the  des  ig nat icn/ pur p esc  cf  iccket  cr  projectile,  their 
ccnstr uction,  aerodynasic  ard  tallistic  date,  the  construction  cf 
projectile  installation  arc  cetecrclcgica 1 conditions,  by  which  is 
conducted  the  firing,  detcriine  the  initial  ccrditions  of  shot  for 
the  assigned  distance.  Cf  the  unguided  rockets  and  projectiles, 
initial  conditions  lay  cut  cf  trajectcry. 

the  characteristics  of  the  spatial  netjen  cf  the  unguided  rocket 
can  be  determined,  after  sclvirg  system  of  eguations,  obtained  fro» 
eguatiens  (3.7)- (3.  12)  , and  (3.  14)  - (3. 23)  , after  placing  in  then 
equal  to  zero  control  fcrces  and  ter guc/aoierts . 


After  simplifications  the  systea  will  take  the  forn 
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* — r~r  <*«•+**  ' 

mv  cos  I , .■  <■ . 

+(A,  — A,)»|i<h| B 

■/»«•»!  *f*(/»i  — •/*I)»x,'*#,  *2^i; 

.;'W*jj(»«.«»Y'its»i#|ft)!.:  : ;' 

T.  ***** -tg  »(•*«>$  Y- •*  sin  yfc 
Sin  twain  • cos  e coa|-f  cps  9(sina  cos  yc  + 
+coSe tUtf  8in<Tc)» *’.' 

Jln^cos V^>»8lK  p CMt 4- 

cos  t iin  t“  si*  1c  cos  P cos  * — sin  P sin  If 


■e  cos# cos  ¥; 


> — « cost  sin  ¥ 


‘«sin9; 


« 

; m~m,— 


Page  480. 


Bet  the  solution  of  the  written  systei,  it  is  necessary  tc  knew 
the  initial  values  of  the  fcllcwing  values:  the  initial  value  of  aass 
flk;  the  initial  values  cf  the  aoaents  cf  inertia  yx<#,  yXit,  7,,.,  the 
initial  values  of  all  fences  and  tcique/aciecta,  written  in  right 
part  cne  of  six  equations  cf  systev.  Furthermore,  it  is  necessary  to 


lutpw  the  initial  values  of  fifteen  net  icq  characteristics  »*.  8*. 
Vfc  %i  1/H)  SSi  tfc  Hi  Si  P**  Yc.»  •«»!  **«• 
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Jf  we  instead  cf  equations  (3.  14)  - (3.  It)  utilize  three  equations 
(3.13J,  then  instead  of  and  •*,.  it  is  accessary  to  know 

•i,  y,aad  y*-  The  enuaeratcd  initial  ccrditicrs  asst  be  deterained  for 
the  tor que/soeent  cf  the  less  of  tight  coupling  of  the  unguided 
rocket  with  projectile  installation.  For  deteraining  the  effect  of 
scattering  initial  conditions  for  scattering  of  trajectories  (or 
iapact  points)  it  is  necessary  tc  knew  the  stochastic  characteristics 
of  the  named  initial  values.  The  scluticn  ci  assigned  aission 
represents  great  difficulties;  therefore  the  effect  of  initial 
ccnditions  for  the  results  cf  tiring  is  estiaated  in  the  siaplified 
setting  with  one  or  the  ether  assunptiens. 

Effect  on  the  firing  distance  cf  deviaticcs  froa  computed  values 
cf  the  initial  angle  of  departure,  cf  icitisl  velocity  and 
aeteorclogical  conditicrs  is  considered  with  the  aid  of  correcting 
fcrzulas  and  is  examined  in  chapter  XI*  Let  us  here  show  the  effect 
cf  the  design  features  cf  projectile  installation  on  the  foraation  cf 
the  initial  conditicns  cf  firing. 

i change  in  the  initial  conditicns  of  shot  can  occur  because  of: 


a)  the  notion  of  the  carrier  cf  arnaaept; 
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b)  the  oscillation/ vifciaticn  cf  tie  carrier  of  armament  and 
stcictly  projectile  installation  as  a result  cf  the  elastic 
properties  of  constructions ; 

c)  the  loss  of  the  axial  alignment  of  rocket  and  launching  racks 
kith  the  descent  of  rocket  frci  guides) 

d)  the  effect  of  gas  flows,  which  is  exhibited  with  the  descent 
cf  the  rocket  fron  launcher  or  cn  leaving  cl  the  projectile  of 
artillery  instrument  frcx  tore. 

Page  481. 


§1.  Effect  of  the  action  cf  tfce  carrier  of  araaxent  on  the  initial 
ccqdi£icns  of  shot. 


The  aotion  of  the  carrier  of  anaaent  is  sclid  body  can  be 
divided  into  the  displaceae nt/xovexent  of  its  center  of  mass  and 
oscillation/vibraticn  relative  tc  the  center  of  Bass.  The 
displaceae nt/aoveaent  of  the  center  cf  xass  is  deterained  by  tvc 
actions  - by  basic  aoticn  cf  the  carrier  of  arxaaent  under  the  action 
cf  aotcrs  and  the  oscillatory  action  cf  the  center  of  aass  under  the 
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cffect  of  environmental  disturbances  (fer  example,  the  orbital 
tessiag  of  ship,  caused  sea  rating). 

the  oscillaticn/vitraticns  of  the  carrier  cf  armament  relative 
to  the  center  of  mass,  by  aralcgy  kith  the  tessing  of  ship,  it  is 
possible  to  divide  into  the  rclling  motion  - rolling  of  carrier 
around  its  longitudinal  axis;  keel  tessing  * fluctuation  of  carrier 
cf  its  relatively  vertical  sxis. 

She  total  initial  velocity  of  projectile  ir  earth-based 
coordinate  system  vithoct  the  account  of  the  rctational  effect  of  the 
Earth  is  equal  to 

(12. 2) 

where  — velocity  of  projectile  of  relatively  projectile 
installation  at  the  moment  cf  the  less  cf  tight  coupling  with  guides 
fcy  the  latter  (for  the  projectile  cf  artillery  instrument  - muzzle 
velocity) ; 


9m—  * spaed  of  running  cf  the  carrier  of  armament  (ship,  tank, 
aircraft) ; 

*x—  the  supplementary  initial  velocity,  caused  by 
envirnaanntal  disturbance,  in  which  neves  the  carrier  (for  example. 
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the  tossing  of  ship-launch  vehicle). 


the  greatest  difficulties  are  encountered  curing  deterfciaation 
ft  If  we  do  not  consider  the  effect  of  aeciua  end  to  equate  r,>0,  then 
the  value  of  the  velocity  cf  iccket  (picjectile)  in  eodule/eodulus 
and  direction  in  earth-lasec  cccrdiqate  systea  will  be  deternined  by 
fclloaing  manner,  let  us  join  the  beginning  cf  earth-based  coordinate 
systea  with  the  center  cf  nass  of  launch  vehicle  and  it  is  directed 
amis  Cxj  then  so  that  it  aculd  ccitcide  with  the  velocity  vector  V« 
(fig.  12.1).  The  sense  cf  tie  vectcr  cf  the  velccity  of  the  notion  of 
tbe  center  of  mass  of  projectile  relative  to  launch  vehicle  9*  let 
us  assign  by  angle  of  departure  in  relative  action  and  by  the 
beading/course  angle  of  firing  f,e.  Then,  beeritg  in  nind  that  °*~ 
translational  speed,  we  kill  obtain  fcr  the  prcjecticns  of  the  speed 
cf  projectile  on  the  axis  cf  eartb-tased  cccrdicate  systen  the 
fclloaing  expressions: 

(12.8) 
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Pig.  12.1.  Heading/course  angle,  tie  initial  velocity  and  angle  of 
departure,  obtained  taking  ictc  accccrt  the  velccity  of  carrier. 


Icr  determining  initial  missile  attituce  (rocket)  relative  to 
the  Earth  it  is  necessary  tc  consider  the  effect  of  the 
cscillation/vibrat iens  cf  tie  carrier  cf  ariaiect  and  launcher. 

let  us  exaaine  the  effect  of  the  cscillaticn/vibrations  of 
launch  vehicle  relative  tc  the  center  cf  aass  cv  a change  in  the 
p«raact«ra  of  the  actica  cf  rocket  at  descert  froe  launching  rack.  Re 
utllije  flue  ay  ate  as  of  ceordiaatea  (Mg.  the 

oscillatioa/vibrat icn  cf  the  carrier  cf  araaaect  let  us  exaaine 
relative  to  earth*fca*ed  ccexdiaete  aystaa 


a 
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Edge  882. 


fig.  12.2.  Coordinate  syatea  for  case  of  aissilc  takeoff  frea 

unstabilized  launcher  oi  dr i ving/ac ving  carrier. 

Eage  463. 

the  origin  of  coordinate  systea  is  rigid,  connected  with 

carrier,  let  us  place  in  tfce  center  cf  aase  cf  carrier  The 

rctaticn  of  the  system  cf  coordinates  JfclMi  r elat  ive  to  systea 

let  us  define  that  as  usual,  by  three  angler:  in  horizontal  plane  - 

by  angle  ♦».  in  vertical  plane  - by  angle  4*;  lateral  rotation 

relative  to  axis  G*r,  - ty  angle  In  the  center  of  oscillation  of 

laancher  Og  let  us  place  tte  beginning  of  two  coordinate  systeas: 

the  systeas  of  coordinates  0*r,lyB|ra,,  cf  the  rigidly  connected  with 

cartier,  and  systen  of  cccrdinetes  UcSa,?*,'*,.  connected  with 
launcher. 
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the  axes  of  coordinates  are  ccllicear  to  axas  x*VmZa 

The  rotaticn  of  launcher  relative  tc  carrier  is  determined  by  two 
angles:  by  the  bead ing/ course  angle  cf  firirg  ?rc  - between  axesOn**' 
and  and  the  angle  those  determining  the  slope/incl inat icn  cf 
laaneber  to  the  plane  of  axes  0bX«,  ard<V*»,  .ty  rigidly  connected  with 
carrier.  The  fifth  coordinate  system  is  tbc  system  0lxly  tz  t, 
connected  with  rochet  at  the  mcaent  cf  its  descent  with  guides;  the 
axis  OtXt  of  this  system  coincides  with  the  line  of  fire. 


Ike  pitch  angles,  yaw  and  tack  cf  rocket  at  the  moment  of  the 
less  cf  tight  coupling  with  the  guides  cf  tie  nenstabilized  launcher 
cas  be  determined  fer  two  jesitiens  cf  the  launch  vehicle;  at  the 
zero  values  of  the  angles  cf  rotation  of  the  system  of  coordinates 
(WdMb  connected  with  launch  vehicle,  relative  to  terrestrial  system 
ym^O)  and  for  the  angles  of  rotation,  different  frem  zero 
(i.e.  for  the  case  and  Yw^O)-  tifferences  in  the  values 

cf  the  pitch  angles,  yaw  and  bank  cf  rocket,  determined  for  the  named 
twe  positiens  of  rccket  carrier,  will  determine  the  effect  of  the 
cscillation/vibraticn  of  carrier  cc  a change  in  the  angles,  which 
determine  the  position  cf  rccket  cf  relatively  ground  coordinates. 


i 

\ 


If  we  do  not  consider  the  elastic  vibratiens  of  the 
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constructions  of  launch  vehicle  and  cf  laurchei  and 

disturtance/perturtaticns  cf  socket  at  the  aoaent  of  its  descent  froa 
guides,  then,  by  using  the  table  cf  transfer  cosines  froa  earth-based 
coordinate  systea  tc  the  coordinate  systea,  ccncected  with  rocket 
carrier  (by  table,  siailar  1.3d),  te  hill  citaic  equations  for 
deteraining  the  deviations  cf  the  pitch  angles,  yaw  and  bank  of 
rocket  at  the  aoaent  of  start  depending  on  the  angles  of  the 
vibration  of  launch  vehicle. 

Bcr  case  and  the  adoptee  ty  us  assuaptions  at  the 

■caent  cf  the  descent  cf  cccket  frea  guides,  let  us,  obviously,  have 
li«HPe%aB«ra  (froa  dirccticn  9**)  and  j - C. 

In  other  case,  when  a?d  ¥■¥(),  the  rocket  will  descend 

frea  guides  at  angles  and  7.  Ccaparing,  as  this  aade  V.  P. 

Kazakovtsev  [18],  cell/eleaents  of  transition  at  the  aoaent  of  the 
start  cf  rocket  frea  the  systea  of  coordinates  to  systea 

0|i*7iB|  on  angles  ftofefi  and  ft*  is  direct  froa  terrestrial 
systea  to  syataa  0lx1y,z1  cn  ajcles  91^9  and  7,  we  will 

obtain  eguations  for  deteraining  the  deviations  of  the  pitch  angles, 
yaw  and  tank  of  rocket  depetding  cr  the  ancles  cf  the  vibration  of 
xccket  carrier  [18]. 
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Accepting*  as  a recult  of  the  saallness  of  angles, 

sin  <!>,,  = $„  sin  sinv.=Y«. 

cos<l<H  = cos  ?H=cos  y«  — 1. 

m«  uill  obtain 

A?=arctg  [ (12.7) 

A»=arcsin  [?„  cos  q,  c cos  <pn  + sin  <Pd  ^ Y„ cos  ?n  sin  (12.8) 


AY=arctg  [ - 


■ ft.  ig  Qr  c + 7« 1 

COt  fn 

ft  •*"  ft ” T.  alnfatg^rc 

L COS  q,  t 


(12.9) 


The  projections  of  the  angulat  velocity  vector  of  the  rotation 
cf  launch  vehicle  of  relatively  earth-lasec  cccrdinate  systea  cr  the 
ccnnected  with  it  coordinate  axes,  siailar  (3.13),  uill  he  written  in 
this  fern: 

•tripsin  T. XY.;  (12.10) 

•*.=i.cos<p,cosY,+Y11sinY;  (12.11) 

cos  ?„  sin  v.  +Y,  cos  Y„-  1 12. 12) 

Since  ue  consider  launch  vehicle  and  launcher  as  rigid  and 
rigidly  connected  todies,  tlen  it  is  cbviots  that  the  vector  of  the 
irstantaneous  angular  velocity  cf  launching  racks  will  coincide  with 
the  vector  of  the  instantaneous  angular  velocity  of  launch  vehicle. 


if  we  introduce  tie  assuofticr  that  the  rccket  during  uotion 
•leng  launching  racks  ccajletely  receives  tie  ecgular  displacexents 
of  guides,  which  ccrresjcnds  tc  the  stiffening  joint  between  thee, 
then  the  vector  of  the  instantaneous  angular  velocity  of  rocket  will 
he  equal  to  the  vector  cf  tie  irstantaneous  angular  velocity  of 
guides.  On  the  basis  of  the  aforesaid,  it  ia  feasible  to  easily  find 
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the  projection  of  the  vector  of  the  instant cnecos  angular  velocity  of 
rocket,  caused  by  the  jccticc  cf  launch  vehicle,  cn  the  axis  of  the 
connected  with  rocket  sjstei  of  coordinates  Ctxaytzt.  Taking  into 
acccunt  dependence  (12.10),  (12.11)  and  (12.12),  and  also  the 
direction  cosines  of  passage  fros  the  systca  of  coordinates 

to  the  systes  of  coordinates  0txt  j lxl f let  (£  have 

cos sta (12. 13) 

= —<“,«  si"  <P,  cos  q, ,+ »*  . cos  ?>«-  <#,  . sin  f . sin  qrM'  (12. 14) 
•,asin9fc-f-«,a0M9,r  (12.  IS) 

The  obtained  eguatiens  sake  it  possible  tc  deteraine  the  angular 
velocities  of  rocket  at  the  ncxent  cf  start  free  the  nonstabilized 
launcher  of  the  oscillating  launch  vehicle  ^without  the  acccunt  of 
disturfcance/perturbatiens  with  descent) . 

Eage  485. 


PltCl  /t ' 


I 


let  us  examine  the  disturhance/perturtaticns  of  rocket  with 
descent  fron  the  directing  stabilized  launcher,  caused  only  by  the 
notion  of  launch  vehicle.  The  autciatic  machine  of  the  angular 
stabilization  of  launcher  provides  the  constancy  of  the  angular 
position  of  the  guides  kith  rocket  in  space,  however,  the  rocket  will 
have  the  initial  disturbances  alcng  the  position  of  the  center  of 
■ass  and  rate  of  notion  with  start,  determined  by  the  notion  of 
launch  vehicle,  by  the  nenurif ermi ty  cf  cocise  and  by  the  orbital 
tossing  of  its  center  of  mass  and  by  the  vibraticn  of  carrier 
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relative  to  the  center  of  mass.  The  necessary  coordinate  systems  are 
shewn  cn  Fig.  12.3.  fixed  (terrestrial)  coordinates  let  us 
designate  03-*3y3*a*  the  coordinates,  rigicly  connected  with  launch 
vehicle,  let  us  designate  as  before  O^x^z,.  Let  us  introduce  with  the 
support  systems  of  coordinates  Ob**#***,  and 

axis  of  which  is  directed  ccllinearly  appropriate  by  the  axes  cf 
basic  earth-based  coordinate  systea,  and  beginning  let  us  place:  0r 
- tc  the  center  of  mass  of  launch  vehicle;  0,  - to  the  conditional 
center  of  oscillation  cf  launcher;  0««  - tc  tke  center  of  mass  cf 
rccket  at  the  moment  of  its  descent  free  launching  rack. 


The  axes  of  the  system  of  coordinates  Ob are  turned 
relative  to  the  system  cf  coordinates  at  angles  and 

Y *,  the  determining  vibrations  of  the  carrier  cf  armament  relative  to 
the  center  of  mass.  Let  us  introduce  ancther  cccrdinate  system  whose 
beginning  let  us  place  into  the  point  °eo  ci  the  position  of  the 
center  of  mass  of  rocket  at  the  me  lent  cf  its  descent  from  guides. 
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Fig.  12.3.  Coordinate  systei  for  the  c ss«  tie  stela  of  rocket  free 
the  stabilized  launcher. 

Page  4£6. 

Axis  fiftii  is  directed  alcng  axis  cf  rocket  with  its  descent  fros 
guides,  axistk^ifo  it  is  arranged  it  ranee  Flane,  while  axis  <Wo«  will 
supplement  systes  to  right.  Sicce  launcher  is  stabilized,  the  with 
the  adopted  assumption  oirecticn  ot  the  axes  c t the  systea  of 
coordinates  Oc©xe«0co*co  is  ccnstast/invaiiable  in  space  and  range 
plane  coincides  with  coordinate  plane  0«*eo Vet-  The  initial  angle 

cf  the  line  of  fire  and  the  angle  of  elevaticn  cf  launching  racks  let 
us  designate  through  to  sea  *0  (Fig.  12.3).  Without  examining  the 
disturtance/pertur tation  of  the  rocket  with  descent  from  guides,  let 


* 
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us  consider  that  initial  pitch  angle  J0=Ao*  Fees  the  center  cf  base 
gccund  coordinates  03  let  us  conduct  grout c coordinates  Oar**?**** 
cf  axis  of  which  it  is  directed  ccllinearly  tc  axes  OooXc^mz*. 
Furthesaore,  in  Fig.  12.3  it  is  narked:  fm  - radius-vector,  carried 
cut  fren  point  03  (conditionally  selected  and  fixed  on  the  Earth)  to 
the  center  of  nass  cf  launch  vehicle;  rB  - radius- vec tor,  carried 
cut  fxen  the  center  of  sass  of  launch  vehicle  tc  the  conditional 
center  of  oscillation  cf  launcher  (isKPO)  : f\  - radius- vector , 
carried  out  fron  the  center  of  oscillation  cf  launcher  into  the 
point;  occupied  by  the  center  cf  lass  cf  iccket  at  the  noaent  of  its 
descent  from  guides.  In  the  process  cf  loving  the  carrier  cf  araanent 
fu  it  changes  in  aodule/acdul us  and  direction,  fn  - changes  only  in 
the  direction,  rt  is  constact  in  the  value  (it  we  do  not  consider 
scattering  the  tiae  of  the  aoticn  cf  rccket  alcng  guides  tc  the  loss 
with  then  of  power  interaction)  anc  dees  net  change  its  direction  in 
space. 

Let  us  designate:  fm  - velocity  vectci  of  the  center  of  pass  cf 
the  rocket  (relative  to  the  Earth)  at  the  scaent  of  its  descent  frea 
guides  with  the  dr iving/ac virg  carrier;  T0  - velocity  vector  of  the 
rccket  at  the  aoaent  of  descent  ties  guides  with  fixed  carrier  (i.e. 
relative  tc  earth-based  coordinate  systea)  ; *****  v*m  - projection 

"om  oa  the  axis  of  earth-tased  coordinate  sjstei  Qu ‘'uTn*'* 


A 
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the  deviations  of  the  velocity  cf  rocket,  ceterainad  ty  the 
■otica  of  carrier,  will  te  equal  tc 

A®,,,*  9ru~vf*  kv*m  "**•& 

siqce  "v„  it  is  directed  alcrg  the  axis  0e*x<*  collinear  axis 

0*r*or 


On  Fig.  12.3  taking  into  account  the  stipulated  conditions 

t'a.—fo-t-  A«.)+  K XV~  -f#Dl  +«r  (**• ,7) 

Here  pa  - velocity  of  the  undisturbed  aoticn  ci  the  center  of  nass 
cf  carrier; 

tea  - additive  velocity  cf  the  forward  aoticn  cf  the  center  of  uass 
cf  carrier,  caused  by  the  nenuniforaity  of  its  ration; 

- angular  velocity  vectcr  of  the  rctary  aoticn  of  carrier  of  its 
relatively  center  cf  mass. 

Radius- vector  r4,  as  value  low  in  coafariscn  with  a radius 
subsequently  consider  we  will  net. 

Cage  4E7. 


It  is  consistent  axis  0*M  with  velocity  vector  fwi  then 
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It  is  expressed  additional  velocity  tbtcugl  projections  on  the 
axis  of  earth-based  coordinate  systei 

Be  re  ia,  y3,  z3  - the  projection  cf  vector  4«.  on  the  axis  of 
earth-based  coordinate  systea  Qs^xVi^a*  <**•  V»*  **  - the  unit  vectors  cf 

ground  coordinates. 


■on  let  us  reurite  (11.17) 

=*(«>  +*8)  **  + M&  + *8*8  + 


+ 


\X„  y„ 


■jTlt  '"jf  '*S  Vi 


+«*So. 


(12. 18) 


Here  w*B,  eyB,  a>,a  ~ projection  »n  cn  tie  axis  cf  the  system  of 
ccqrdinates  OrX^Zb;  Xm,  y*,  z»  - projection  ?■  cn  the  axis  of  the  systea 
cf  coordinates 0^^^;  j£,  p»,  *1,  - the  ccrrespcndirg  unit  vectors. 


Utilizing  cosines  of  tie  angles  cf  transf er/transition  (na)  froa 
the  ayes  of  systea  Qt*air»zs  to  axes  OmxmVmzm  * end  also  the  cosines 
cf  the  angles  of  transf er/t ransiticr.  ftca  tie  axes  of  the  systea  of 
ccccdicates  to  the  system  cf  cccrdiiatcs  (*«)•  ve 

will  obtain  the  projections  of  vector  eguality  (12.18)  on  the  axis  of 
cccrdicates  ®a*Jta 
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f(e  3 


;1  ^+<^+Jy^+«Wl"MAi  + 

44^  r*»  ■“■•.*»*»)*»  4* 

f:  ■ 

"I- -*3)  ***  4"  V3®m  4*  *3^**  44*c  «*»  •*  ■?»)  **»  4* 

-^(•j  r*»  “ *jt  ■*■)  ^fi4"(*x  ■#■  "*  **»  t1**)^** 

(®» "I”  ^3)  /l«+tf3/,»*4-*»BM+(VF*ii'^'**»^»^  **»4- 


(12. 19) 


After  substituting  (12.19)  intc  eguatiens  (12. ‘6),  let  us  have 


r ; * 

• • • } 


(12.20) 


Coaplete  writing  of  equations  (12.20)  at  tic  opened  values  of 
transfer  cosines  djp.  and  dg  is  sufficiently  bulk;. 


Ea>ge  468. 
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Fcllauing  V.  P.  Ka  zako  vtsev,  it  is  siaplified  ties  [18J.  In  view  of 
the  siallness  of  the  ancles  cf  the  % it  ratio  of  carrier 
bc  reaver 

»in^«fe  »in  Y.ssy, 

and 


coBf,«co*fll«coaY,*l.  J 

let  as  disregard  the  prcdects  of  loa  values  »in$.ainf*<*>0;  juwl 
cf  so  forth.  The  projections  of  the  vector  cf  the  instantaneous 
angular  velocity  of  carrier  ve  take  in  tbe  ton 

•*.*W  •».*?■• 


1 
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taking  into  account  the  nased  assuipticns  let  vs  write  (12.20)  in 

abbreviated  fora  [ 18] 

(t>„+xs)  cos  I,  cos  t»+y3  »l«  *«+*s  cos  »,  sin  fc+ 

+ % (*m  008  ®o  COS  to  — X„  COS  ft,  sin  to^  + 

+*■  (X„  sin  ft,  - yH  cos  8,  cos  to)  4- 
+Y«  ( y . cos  ft,  sin  %— z„  sin  ft,); 

^■0^=  -(»„  4-  x3)  sin  ft,  cos  to + y3  cos  ft,  - 
- z3  sin  »,  sin  <jc.  sin  ft,  sin  to  - z,  sin  ft,  cos  <fc>)  + ^12- 21  > 

+?.  (XH  cos  ft,  + t/„  sin  ft,  cos  $,) — 

-Y.(^sin  ft, sin  %+*. cos 6,); 

»i"  to  +x3cos  ♦»— ♦.(*.«»*,+ 

+zm  sin  fc)  -ff,  y,  sin  *,+ \jfa  cos  fc. 

in  the  written  equations  of  value v*.  9,  and  ftc#  are  constant  and  do  not 

depend  cn  time.  Variable  values  will  t«:  tie  projections  of 

additional  speed  the  argles  of  rotation  of  carrier  - 

f.  t».  T»: ' 

/\  tTe'  angular  velocities  cf  the  rotation  cf  earner  of  its 
relatively  center  cf  mass. 

He  will  obtain  changes  in  the  scdulus  cf  velocity,  angles  of 
attack  and  slip,  determined  by  the  setien  cl  carrier  at  the  vovent  cf 
the  descent  cf  rocket  ftes  the  directing  stabilized  launcher.  Let  us 
consider  that  at  the  acsent  cf  the  descent  cl  rccket  fros  control 
surface  of  its  syaaetry  will  be  vertical  and  coincides  with  the  plane 
of  earth-based  coordinate  sjstes,  detertinee  by  axes  <Wa*  and 


I 
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Curing  the  action  of  carrier,  the  axis  cf  rcckct  at  the  aoaent  of  its 
desceat  froa  guides  will  coincide  in  tie  direction  with  axes 
and  Va  a vector  a the  tctal  velocity  c t rccket  sill  be 


deflected  frca  the  axis  of  rocket  (Fig*  12. 4).  line  0*  b - 
projection  on  the  plane  of  the  synetry  cf  rocket. 


Eage  489. 


Angle  cf  attack  is  defined  as  angle  tetuee*  the  projection  of 
velocity  vector  on  the  plane  of  syaietry  a;d  the  axis  of  rocket; 
angle  cf  slip  - as  angle  between  vectors  of  speed  and  its  projection 
cn  the  plane  of  vertical  syiaetry.  Ca  Tig.  12.4  at  the  positive 
values  of  these  composing  ve locitics  Atv„,  4%,  ae  will  obtain  a 

pcsitive  value  of  a change  in  the  angle  of  attack  As0.  In  accordance 


«ith  Tig.  12.4 


(AW- 


either 


A0,a>arcsin 


TCP 


(12.22) 


«g(Aa,)--. 


"•-•""(Siz)-  (,S!8) 

J change  of  the  aodulns  of  velocity  of  rocket  at  the  eoeent  of 
desceat  froa  guides,  caused  by  the  xetien  cf  levnch  vehicle,  we  will 


cbtaie  on  the  following  dependence: 


(12.94) 
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§2.  Motion  of  rockets  along  launching  racks. 

One  of  the  most  widely  used  trigger  circuits  of  the  rockets  of 
lew  and  average  distance  is  the  schematic  cf  aissile  takeoff  froa 
launching  rack.  There  ace  differences  in  the  character  of  the  motion 
cf  rocket  along  the  guides  depending  cn  the  simultaneity  of  the 
descent  of  the  tags  of  iccket  froa  guides,  let  us  examine  first  the 
case  £f  moving  the  rocket  with  the  simultaneous  descent  of  tags. 

Easic  forces  and  the  tccque/mcaents,  which  act  on  the  rocket 
during  its  motion  along  guides,  shewn  cn  Fig.  12.5. 


L 
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fig.  42.4.  Changes  in  the  angles  of  attack  and  slip,  determined  by 
the  motion  of  carrier. 


Page  hSO. 


Cn  rocket  acts  thrust  P,  longitudinal  Xt  arc  ncraal  aercdynanic 
forces,  longitudinal  4m  and  nornal  yr,  gas-dynaaic  forces, 
gravitational  force  Hg,  noraal  react ic 9s  Fm,  Fn  and  frictional  force 
FiuFtt  in  the  tags.  On  figtre  is  also  shoac  the  starting  system  of 
coordinates  0xoyo  and  tie  sjstem  of  coordinates  The  beginning 

of  this  coordinate  system  (point  <V)  coincides  with  the  initial 
position  of  the  center  of  mass  of  rocket  prior  to  start.  Axis 
coincides  with  axis  of  rocket  ard  tc  parallel  grides:  axis  is 

perpendicular  to  axis  ard  lie/rests  at  the  longitudinal  plane  of 
the  sysaetry  of  rocket. 

Hill  write  the  equations  cf  action  of  rocket  along  the  guides  in 


DOC  * 78107117 


E,CI  -w“  ytoti 


T 


the  systea  of  coordinates  Oax&a,  which  we  we  consider  fixed;  in  this 
case,  let  us  consider  launcher  absolutely  rigic  body  with  rectilinear 
guides.  Also  let  us  consider  that  the  clearances  between  the  tags  of 

socket  and  guides  are  egual  to  xaro.  Than 


J*,  ^ ■ Mi, 


(12.38) 


Equality  zero  second  and  third  equations  of  systea  (12.25)  is  caused 
by  the  introduced  assua fticts.  In  this  fora  these  equations  nake  it 
possible  tc  deteraine  Fewer  lead  cr  the  tags  cf  rocket. 


During  the  notion  cf  rccket  along  the  eper  guides  of  the  value 
cf  axial  aerodynamic  and  gas-dynaaic  forces,  are  low  in  coaparison 
with  thrust.  So  ace  snail  frictional  forces.  Therefore  during  the 
calculation  of  the  undisturbed  action  cf  rccket  along  launching 
racks^  it  is  possible  these  forces  tc  disregard.  The  second  and  third 
egwatiens  of  systea  (12.25)  are  actually  the  equations  of  relation, 
bnt  npt  by  equations  of  action. 


I 


A 


EOC  * 78107117  EIGE  /i/  s, 

fal 


Fig.  12.5.  Circuit  of  the  forces,  which  act  cn  the  rocket  during  its 
■ctico  along  guides. 

Key:  { 1)  . c . m . 

Page  491. 

Hence  it  follows  that  instead  of  the  systea  of  eguations  (12.25)  it 
is  possible  to  be  restricted  to  one  eguaticr  cf  the  axial  action  of 
rocket  along  guides 

(12.26) 

Integrating  this  eguaticn  fzoa  t*0  to  the  tiae  cf  the  descent  of 
rocket  t2,  we  will  obtain  tie  parameters  ol  the  undisturbed  notion  cf 
rocket  along  guides.  For  integration  it  is  teccssary  to  know  the 
thrust  and  aass  of  rocket  it  functicr  froa  tiae.  The  tiae  of  the 
descent  of  rocket  t2  is  deternined  in  the  process  of  integration. 


when  the  instantaneous  value  of  coordinate  x 8 becomes  egual  to  the 
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length  of  guides  lH-  At  this  sane  torgue/mcaent  determine  the 
velocity  of  the  motions  cf  the  rochet  which  will  be  the  initial 
velocity  fcr  the  powered  flight  cf  the  rochet 

»•=**«<,-/.>•  (12.27) 

Frequently  the  numerical  integration  cl  eguation  (12.26)  is 
replaced  by  the  analytical  scluticr  which  is  irstituted  on  the 
introduction  of  any  supplementary  assuapticrs.  let  us  examine  one  of 
west  widely  used  analytical  scluticns  [18]. 

It  is  known  that  during  motion  eleny  guides  the  rocket 
expend/consumes  the  saall  nass  cf  fuel/propellant,  in  this  case,  the 
time  cf  moticn  along  guides  is  sufficiently  snail.  Consequently,  the 
■ass  cf  rocket  can  be  taken  by  constant,  equal  to  its  average  value 
cn  the  section  cf  the  ncticr  cf  rccket  alccc  g u ides  (m«p).  A change  in 
the  thrust  in  time  is  shewn  on  Fig.  to  12.6,  from  which  it  is  evident 
that  during  the  motion  cf  rccket  along  directing  force  of  thrust  on 
initial  section  increases  tc  value  P*.  and  ther  it  remains  constant. 
For  analytical  solution  let  us  replace  the  curve  P(t)  on  the  initial 
section  of  straight  line: 

7- . (12. 28) 

Here  tp  ~ tine  of  the  activation  cf  tie  actor. 

Cn  the  seccnd  section  tbe  value  of  tbruat  will  be  constant 

PW-P.-coe* 


(12.28) 
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let  us  examine  the  motion  of  rocket  on  the  first  section  cf  its 
displacement  over  guides.  Equation  cf  metier  taking  into  account 
(12.28)  takes  the  follching  fora: 

(12.30) 
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Pig.  12.6.  Carve/graph  cf  a change  in  the  three t during  the  notion  of 
rccket  along  guides. 

Cage  492. 

let  am  integrate  twice  equatieg  (12.3C),  remembering  that  with 

t*0  in-n-0,  x.— 0.  Then  ve  are  have 

Pq 


(12.31) 

(12.32) 


let  us  substitute  intc  equations  (12.31)  acd  (12.32)  value  t-tp', 
then  me  will  obtain  dependences  fex  deteraixing  of  path  and  velocity 
at  the  end  of  the  initial  section  cf  the  acticn  of  the  rocket 

(12. 33) 

*»-(-i£r-T«*,n  *•)*  ,,2-34» 

These  values  will  be  initial  data  for  the  calculation  of  the 
second  section  of  the  action  of  rocket  alcgc  guides.  The  equation  of 
motion  of  the  rocket  in  this  case,  acccrditglj  (12.39),  takes  the 
fcllciing  fora: 


£is— g sin  lr 


(12.35) 
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Let  us  integrate  twice  equation  (12.35) 

I.)  {t-t$  (12. 86) 

,+«,(<— <fl+Y  (*^J—  #»in  •»)  (12.87) 

Jot  the  torque/aosent  cf  the  descent  c 1 rccket  from  guides 
t~k,  and  x,— ^.consequtntly,  it  is  possible  to  write 

<«•*» 


v) (W.P-  («•»> 

Let  us  re-group  equation  (12.3)  relative  tc  the  tiae  of  the  notion  of 
rocket  along  guides  to  descent.  As  a result  of  siaple  conversions,  we 


will  obtain 


■ . .vMj-  • - 


* 

•*r 


Cage  US 3. 


Obtained  eguations  (12.33),  (12.34)^  (12. 38)  and  (12.40)  nake  it 
[cssihle  tc  expect  velocity  cf  rocket  «p.  fttb  *»p<  the  tine  cf  ncticn 
along  the  guides  t2,  and  also  velccitj  cf  the  rccket  vith  descent 
frcn  the  guides  v0. 


Let  us  exanine  now  the  soticn  cf  rccket  along  guides  with  the 
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ncnsinultanecus  descent  ct  the  tags  cf  rocket.  In  this  case  it  is 
necessary  to  distinguish  twc  secticns  cf  action. 

First  section  - acticn  of  rocket  tc  the  tcrgue/aonent  of  the 
descent  of  the  first  tag  frca  guides.  Ihe  action  of  rocket  on  this 
sectipn  in  no  way  differs  frca  the  scticn  cf  rccket  in  the  first 
case.  Therefore  the  equations,  otteinea  above,  are  coapletely 
suitable  for  the  calculation  of  the  first  section.  The  tine  of  the 
acticn  of  rocket  alcng  ty  guides  tc  the  descent  of  the  first  tag  let 
us  designate  tt. 

Ihe  second  section  (soetiaes  it  they  call  the  section  of 
cutpuf)  notion  it  begins  after  the  first  and  terninates  at  the  nonent 
cf  the  descent  of  the  second  tag  cf  racket  frca  guides.  This  section 
is  characterized  by  the  fact  that  the  iccket  obtains  supplenentary 
degrees  of  freedom,  naaely  - tc  snivel  feature  around  rear  tag. 

Basic  forces  and  the  tcrgue/acaents,  which  act  on  rocket  on  the 
seccnd  section  of  its  notion  along  guides  (for  conditional  rotation 
counterclockwise)  are  shewn  cn  Fig.  to  12.7.  let  us  comprise  the 
eguatiens  of  notion  of  the  rocket  relative  tc  the  axes  of  the  systen 
cf  coprdinates  0»*db.in  this  case  let  us  consider  guides  fixed  rigid 
bedy.  let  us  accept  also,  that  E=Efc.  Then 


i 
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*ix.-.P,eo*A*-*,c©»  A»-K,*ln  4»- 
myu^P ,*in  A’jSin  aS+^cos  + 


— cos  a*  4* 


(12.41) 


fig.  12.7.  Circuit  of  the  forces,  which  act  cn  rocket  on  the  section 
cf  descent  from  guides. 

M):  (1).  c.n. 


Cage  494. 


1c  these  equations  it  is  necessary  tc  add  tie  equation  of  relation, 
caused  by  the  displacement  cf  the  cectei  of  aass  of  the  rocket  uith 
its  turning  ca  the  ascot d tag 

*-*,A*.  (12.42) 

Ihe  studies  of  the  notion  of  reckat  op  the  section  of  output 

skewed  that  for  always  cf  icticn  tie  value  cf  afgle  A*  does  not 

exceed  ten  angular  ainutes.  Therefore  it  is  possible  for 

txigcacsetric  f use t loss  tc  accept  the  follcwinc  values: 

cos  a*  — 1{  tin  it— a*. 


It  is  simplified  tie  third  eguaticn  of  systes  (12.41)  on  the 
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baais  cf  the  fact  that  the  eagle  Ah  is  low;  for  rockets  usually  . 

ig~,  104  and  force  Fn~fF m.  where  the  ccefficient  cf  the  friction  of 
steel  in  steel  f*fl.2.  He  will  ottain  j 

..  _ i 

±A*+f±-+/l+9]-MH-FMl»  i 

(12.4S) 

siqce  three  last/latter  tens  in  bracket  for  the  values  of  f 
indicated,  d and  AS  in  comparison  with  ig  picve  to  be  values  low  and 
thea  can  be  disregarded.  The  velocity  cf  the  action  of  rocket  along 
guides  does  not  usually  exceed  7C  a/s.  In  this  case  aerodynaaic 
fcrces  and  ter gue/aoaents  are  obtained  by  efficiently  low,  and  then 
in  egnations  (12.41)  car  be  disregarded. 


taking  into  account  entire  aferesaid  above  the  systea  of 

egnatiens  (12.4  1)  is  led  tc  the  fcllowiEg  simplified  fora: 

mgitn  ^5 

«*-**•?— - . 1 12.41) 

A f— VW 

■ere  for  convenience  in  the  recording,  is  narked  AS  * #. 


In  that  obtained  of  systeas,  the  first  equation  connected  with  the 
seccnd  and  third  eguatiens.  Consequently,  it  it  is  possible  to 
integrate  separately.  This  eguaticc  coincides  in  fora  with  (12.26). 
Integration  of  equation  gives  the  velocity  cf  the  notion  of  the 
center  of  aass  of  rocket  alcng  the  guides  it.  the  function  of  tiae. 
Physical  sense  of  the  possibility  cf  integraticr  separately  of  the 


r.  ■■■  '■  rygsngg 


nma* . 


jd 
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first  equation  of  systea  (12.44)  consists  ir  tie  fact  that  the 
lateral  divergences  barely  affect  the  velocity  cf  aotion. 

Eage  495. 

Os  interests  the  rctaticn  of  the  iccket  during  its  notion  on  the 
sectipn  of  output.  Therefore  let  os  exaaine  the  second  and  third 
equations  of  systea  (12.44).  Let  us  introduce  replaceaent  ifa— 4*  let 
us  re-group  the  second  eqcation  cf  systea  relatively  Fn  let  us 
substitute  the  obtained  value  into  tie  thirc  equation.  Taking  into 
account  the  equation  of  relation  (12.42)  ac  bill  obtain 
(7,,  + m/?)  ▼-*  PJ# — «f  f,  cos  (12.45) 

Let  us  introduce  the  designations 

Let  us  substitute  thea  into  equation  (12.45)  and  after  conversion  ve 
bill  obtain 

— Sfe."* *?- . (12.46) 

Burinq  the  integration  cf  equation  (12.46)  the  mass  of  the 
rocket  can  be  taken  by  average  value  cn  the  section  of  conclusion.  In 
this  case  the  right  side  cf  equaticr  (12.46)  is  a constant  value,  and 
equation  itself  - by  linear  heterogeneous  bith  constant  coefficients. 
This  equation  it  is  possible  tc  integrate  ir  aralytical  fort,  without 
giving  intermediate  unp acki rg/facirgs,  let  is  vrite  the  obtained 
results  cf  the  integraticn 
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(/*  **-**+4- **  -2];  ( 12. 47) 

*ni 

I.-*—  |/^r-  <*-*•>],  (12.48) 

where  1 2 - tine  of  the  descent  of  the  secc^c  tac  fcoa  launching  rack; 


A40  - angle  of  rotation  of  the  axis  of  rocket  at  the  end  of  the 
section  of  output; 


S0  - angular  velocity  cf  the  axis  cf  iccket  at  the  end  of  the 
section  of  output. 

The  constructions  of  tie  starting/laurchiac  aoved  settings  up  of 
ground-based  rockets  ace  cilferent.  They  car  have  guides  of  franework 
ccnstxucticn  in  the  fora  of  the  shaped  beats  cf  tubular  type,  etc. 


launchers  for  the  rockets,  started  frci  aircraft,  usually  have 
cither  tubular  guide  or  siaply  light/lucg  fara/trusses  for  the 
suapeasioq  of  rockets. 


let  us  exaaine  the  basic  special  ieatuze/peculiarities  of  the 
action  of  rockets  at  tfce  icieni  cf  the  start  then  there  is 
interaction  between  the  rccket  and  the  starter. 


§3.  Action  of  the  rockets  during  laurching/starting  froa  launching 
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(ad  and  fron  shaft/aine. 

The  isolation/evolution  of  rocket  frci  laurching  pad  occurs  as 
instantly  at  that  torgue/ncient  when  thrust  tecins  to  becoae  acre 
than  the  weight  of  cocket. 

Cage  496. 

for  the  calculation  of  further  trajectory  cf  the  aotion  of  rocket,  it 
is  necessary  to  calculate  tie  parameters  of  the  rocket  with  its 
breakaway  frea  starting  tatle.  in  essence  this  is  related  tc  the 
daterainaticc  cf  the  initial  aass  cf  recket  i„,  since  the  part  of  the 
fucl/f rcpellant  will  be  spent  to  tie  engine  operation  froa  firing 
point  to  breakaway  torgue  ct  recket  cf  launchirg  pad  (i.e.  for  tine 
*«)• 


■he  aass  of  rocket  we  define. 


m. 


1(0 


as  kefore  cr.  the  foraula: 


where  m„  - a aass  of  recket  prior  tc  the  beginning  of  ignition; 


|e|  (t)  - the  consuaption  of  mass,  which  in  tie  process  of  the 
launching  of  rocket  is  the  value  of  variable  depending  on  tiae. 


Thus,  for  the  calculation  of  the  powered  flight  trajectory  of 
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ballistic  aissile  as  the  initial  parameters  «e  have 

let  us  exawine  now  tie  sotion  of  tbs  iccket  on  the  launching 
phase  during  starting/laurching  frci  shaft/sine. 

Figures  12.8  shows  the  tlat/piace  scheiatic  of  the  action  basic 

fcrcec  and  torgue/acnents  during  the  acticn  cf  rocket  frea 

shaft/line.  From  the  figure  one  can  see  that  besides  the  thrust  P and 

of  tbs  weight  of  rocket  (Ig  cn  iccket  act  ever  gas-dynaaic  forces 
Xn.Yr  i\ 

' ~¥od  torgue/aoaent  Gas-dynaaic  fcrces  and  torgue/aoaents 

appear  because  of  the  liaited  volute  cf  shait/aine.  The  gases,  which 
are  foraed  with  the  ccahusticn  cf  f uel/prcpe lla*t,  escape/ensue  froa 
engine  nozzle  and  fall  intc  the  liaited  space.  In  spite  of 
gas-bleeding  channels  ir  this  space  is  foraed  the  zone  of  elevated 
pressure.  Part  of  the  gas  bursts  open  between  the  walls  of  rocket  and 
sbaft/aine,  affecting  side  walls  of  iccket.  Space  after  the  bottom  of 
iccket  because  of  the  acticn  of  rocket  always  changes.  In  connection 
with  this  they  change  aid  the  parameters  of  gas,  which  is  located 
befend  the  bcttcai  cf  rocket,  therefore,  cc r tin ccusly  change  also 
gas-dynaaic  forces  and  the  ter gue/acaents,  which  act  on  rocket.  The 
effect  of  gas-dynaaic  fcrces  and  tergue/woaents  cn  rocket  ceases  only 
after  its  output  froa  shaft/nine. 
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Fig.  12.8.  Circuit  of  the  action  oi  forces  cn  the  rocket  with  start 
frca  st aft/aine. 

Key:  (1).  center  of  gravity. 

Cage  497. 

The  calculation  of  gas-dyraaic  forces  end  torque/aoaents  is 
extreaely  hinder/haaperc d dee  to  the  unsteady  character  of  a change 
cf  the  paraaeters  of  gas  in  shaft/iice.  Aexcdyraaic  forces  and 
torque/aoaents  in  this  case  are  virtually  alsect,  since  the  velocity 
cf  the  rocket  during  aoticn  in  sbaft/aice  arc  catput  froa  shaft/aine 
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dees  net  exceed  several  ten  neter.-  per  secctd.  The  perceptible  effect 
cf  aexcdynaaic  forces  acd  terq ue/acients  on  tte  notion  of  rocket 
appeaxs  only  at  the  velocities  acre  than  SC-70  i/s.  Therefore  for  the 
calculation  of  aoticn  rccket  in  the  period  cf  output  froa  shaft/aine 
aercdynaaic  forces  and  tciqce/scients  it  is  possible  not  to  consider. 

According  to  the  schematic  of  the  acticn  cf  forces  and 
torgue/aoaent$,  let  us  cciprise  the  eguatiers  cf  notion  of  rocket  in 
the  prccess  of  its  output  froa  shaft/aine.  Ike  eguations  of  aoticn  of 
the  center  of  aass  let  cs  vrite  in  projections  cn  the  axis  of  the 
starting  coordinate  systea.  During  the  axisyaaetric  construction  of 
rccket,  the  preblea  can  be  solved  in  flat/plane  setting  and  systea  of 
eguatfens  will  take  the  fcllcaing  fera: 


i 

j 


my=(P+Xn)sm  *-f-Krtcos»  — mg; 
mx=(P-\-Xrl)cos*—Yn  sin  8; 

J *im‘x  — Mr  lt  — (—  Afp 


t 


v-VF+fi. 


(12.49) 


icr  the  calculation  of  the  paxaaeters  cf  the  notion  of  rocket, 
the  systea  of  eguations  (12-h9)  is  integrated  tc  that  torgue/mcaent 
until  rocket  leaves  the  skait/iine  and  to  it  vill  cease  to  act  gas 
flea.  As  a result  of  integration,  ve  obtain  the  initial  parameters  of 
acticn  for  a povered  flight  trajectory:  »^0;  *0=yo=0;  »o*  and  also 
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value  v0;  in  this  case,  ere  shculd  consider  tic  fact  that  during 
*cticn  in  shaft  because  cf  cas-dyravic  forces  a r.d  torgue/aoaents  the 
rccket  nil  1 he  deflect/diverted  alcng  the  pitch  angles,  yaw  and  bank. 

§4.  Supplementary  factors,  thica  dctcraine  the  initial  conditions  of 
shot. 

Buring  the  aotion  cf  rccket  alcng  guides,  the  gas  flow,  coning 
cut  fees  nozzle  units,  washes  the  parts  of  launcher.  In  this  case,  is 
exhibited  the  supplenectary  action  cf  gases  cn  launcher  and  rocket. 
Vatioas  kinds  deflectors  and  reflectcrs  can  he  the  reason  for  the 
appearance  of  secondary  gas  flews,  which  frcguently  act  cn  rocket 
uesynaetr ically. 

Eage  498. 

As  a result  cf  the  elastic  properties  cf  rccket,  of  launcher  and 
scil,  the  initial  conditicns  of  noving  the  locket  differ  fron  the 
calculated.  The  theoretical  calculatic?  of  gas~dynanic  forces  and 
tcigue/nonents,  which  act  cn  the  rccket,  dr ivieg/noving  alcng 
launching  racks,  is  frequently  difficult.  It  is  difficult  to  also 
theoretically  describe  the  vibratiens  cf  launcher  and  rocket  during 
their  interaction  during  start.  The  diversity  cf  initial  conditions 
with  shot  is  one  of  the  reasons,  which  deteriine  scattering  the 
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unguided  rockets.  The  e xper i me ntal  study  cl  the  dynamics  of  start 
aakes  it  possible  to  deteraine  the  initial  conditions  of  shot  and  to 
introduce  corrections  into  calculation  cate. 


With  shot  from  artillery  instrument  as  a result  of  the  elastic 
properties  of  shaft,  gun  carriage  ai;d  defoliation  of  the  soil  of  the 
firing  position,  the  initial  conditions  of  shot  also  differ  somewhat 
from  the  conditions,  es tafcl  ish/ins tailed  with  aiming.  On  leaving  of 
projectile  from  bore  the  unsymmetric  actiop  of  cas  flows  on  the 
outgoing  projectile.  Of  siccth-bcre  systems  the  unsymmetric  action  of 
gas  flew  on  tail  assembly  with  initial  aqgle  AS  can  lead  to  the 
considerable  scattering  cl  angular  initial  conditions  (Fig.  12.9). 

is  a result  of  the  vibrations  of  weaper  ard  deformation  of  the 
soil  of  the  firing  position,  the  argle  of  elevation  of  instrument  *0, 
establish/installed  with  ailing,  dees  net  coincide  with  real  angle  of 
departcre  - 60- 

An  angular  difference  y = d0~t  is  calico  angle  of  jump  which  can 
be  both  the  positive  and  negative.  The  numerical  value  of  angle  of 
jump  for  this  instrument  depends  or.  many  factors:  the  elastic 
properties  of  shaft  and  gut  carriage,  scil  of  the  firing  position, 
ballistics  of  instrument,  which  determines  fewer  loads,  the  angle  cf 
elevation,  rate  of  fire,  etc.  Tbe  theoretical  determination  of  angle 


; 
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cf  juap  causes  great  difficulties;  therefor  as  a rule,  angle  of  juap 
it  is  deterained  exper iicrtallj  [5SJ.  at  a distance  of  x froa  the 
aussle  aod  face  of  karsel  adjustable  panel. 


Fig.  12.9.  Change  of  tb«  initial  angle  cf  departure  in  the  period  due 

tc  gases. 

Fig.  12.10.  Schematic  cf  deter xina tic n cf  angle  of  juap  with  firing 
frea  panel. 

Fa? e 999. 

Instrument  is  aiaed  on  the  cross  lines,  adjustable  on  nuzzle  and 
trecch  faces,  into  the  aark,  plctted/applicc  ct  panel  so  that  the 
shaft  before  the  shot  wculd  have  (cn  quadrant)  an  angle  of  elevation 
*o  (Fig.  12.10). 

as  a result  of  the  naacd  reasens  the  piojectile  Mill  fly  not  in 
the  direction  0A,  but  at  the  initial  acaent  it  till  be  deflected  froa 
OA  by  angle  cf  juap  y.  kith  saall  x it  is  possible  net  to  consider 
the  effect  of  air  resistance  on  a decrease  ia  the  projectile  the 
hearth  of  the  lines  of  shot  and  to  deteraiac  decrease  according  to 
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foiiuli  gt*/2.  The®,  oo  the  basis  cf  Pig.  12.10,  we  obtain 


(12.50) 


tim«  t can  be  deter lined  cithez  experimentally  cc  approximately  on 

the  known  initial  velocity  cf  projectile  v0. 

— £ — . 

*«•«# 

At  the  aero  angle  cf  tbe  inccease 

(f+^)  (12.51) 

lbe  determination  cf  the  lean  statistical  value  of  angle  of  jump 
zeguixes  repeated  firings,  for  detersining  tbe  angle  of  juap  of 
rocket  systems,  are  conducted  sc-called  "recking  testings"  during 
which  it  is  simulated  tie  zetien  of  rocket  clcnc  guides  also  on  the 
initial  trajectory  phase. 


Jn  conclusion  of  chapter,  let  us  ncte  that  the  study  of  the 
dynamics  of  the  start  of  ccrcrete/specific/ectual  rocket  system,  just 
as  the  initial  conditions  of  shot  frem  artillery  piece,  it  represents 
by  itself  complex  composite  prcblei. 
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Chapter  XIII. 

Errors  for  firing*  missile  cispersicn  and  cl  projectiles. 

Ihe  errors  of  firing  it  is  possible  tc  divide  into  rough 
■iscalculaticns  and  errors*  constant  or  systematic  errors  and  errors 
randca.  Rough  aiscalculaticns  are  the  ccnsecuecce  of  poor 
training/preparaticn  of  which  operates  system  calculation  and  can  be 
rcacved  by  the  increase  of  shill  and  ccsbat  training. 

the  source  of  systematic  errors  acts  or  all  shots  egually.  For 
example*  longitudinal  cccstant  tailwind  increases  firing  distance 
against  calculated*  and  ccntrary  decreases,  lc  systematic  errors  can 
be  attributed  also  the  errcis  in  the  determination  of  the  coordinates 
of  target*  etc.  If  me  by  the  metheds  cf  the  theory  of  corrections 
consider  in  calculations  also  during  tie  preparation  of  firing  the 
effect  of  the  corresponding  factor,  systematic  errors  can  be,  if  are 
net  excluded  entirely*  then  to  a considerable  degree  are  decreased. 

It  is  necessary  to  reveal/detect  the  Leaser*  for  systematic  errors 
and  tc  consider  them  during  the  preparation  cf  firing.  With  the 
firing  the  rockets*  prepared  according  to  seme  framings  and  technical 
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specifications,  frca  the  guides  of  cue  aqd  the  saae  launcher,  f r on 
one  launching  site,  durirg  ere  and  the  sane  settings  up  of  the  sight 
■echanisas  of  aissile  trajectory  they  will  cct  coincide  with  each 
other,  with  the  firing  identical  projectiles  frca  barrel  artillery 
piece  during  identical  charges  and  the  adjestaerts  of  sight  of  the 
trajectory  of  separate  projectiles,  alec  they  dc  not  coincide. 

the  noted  phencaencn  calls  scattering  trajectories.  It  is 
explained  by  the  effect  cn  iccket  flight  ate  pccjectiles  of  the 
randca  errors,  which  are  the  ccnsecuence  of  the  coabination  of  randoa 
changes  in  the  separate  values. 

Entire/all  rocket  (on  projectile)  iq  ccllcction,  its  separate 
structural/design  units  and  pacts  are  tade  with  the  appropriate 
tolerances  in  size,  the  weight  and  cthcc  paiaaeters.  Change  of 
different  values  withic  the  lisits  cf  allowances  and  diversity  in  the 
effect  cf  weather  factocs  which  it  is  difficult  to  consider  as 
systeaatic  error,  and  is  the  source  cf  the  landca  errors,  which  lead 
tc  scattering  of  trajectories  and  iapact  points  in  the  rockets 
(projectiles)  . 

Fage  SCI. 


the  group  cf  the  trajectories,  which  correspond  to  identical 
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initial  data,  is  called  tie  leas  (cr  sheaf)  cf  trajectories  (Pig. 
13.1)4 

Kith  firing  at  grcuod  targets,  as  shokr  is  Fig.  13.1,  the 
deviation  of  inpact  point  free  tar get/ purpose  is  determined  by 
coordinates  x and  2. 

lie  characteristics  cf  scattering  are  determined  with  firing  at 
bcrizontal  or  vertical  flare,  and  scattering  itself  is  called 
scattering  on  plane. 

iith  firing  at  the  flying  tar cet/purpcses  with  the  so-called 
rcacte  projectiles  with  the  proximity  fuses  cr  surface-to-air 
aissiles,  the  places  of  the  explosicns  cf  werbeads  are 
arrange/ located  in  certain  space  around  the  calculation  predicted 
collision  point,  i.e.,  cccurs  voluaetric  scsttering  (Pig.  13.2). 
During  voluaetric  scattering  the  position  cf  the  points  of 
discontinuity  is  determined  by  ccccdinates  X,  y,  z.  In  this  case  the 
coordinate  plane,  on  which  are  determined  coordinates  y and  z,  is 
conducted  through  the  predicted  collision  feint  of  projectile  for 
tar get/ purpose#  it  is  perpendicular  to  the  velocity  vector  of  the 
center  of  aass  of  target/psrpose  it  the  predicted  calculation 
collision  point.  Coordinate  x is  determined  in  the  sense  of  the 
vector  of  the  velocity  of  the  center  of  aass  of  target/purpose. 


Fig.  13.1.  Sheaf  of  fire. 


Key:  (1)*  Sheaf  of  fire.  (2).  Place  cf  start.  (SX  TcLfg 

Fig.  13.2.  Three-diaensiccal/space  scattering  with  firing  reaote 
projectiles. 

Key:  (1)-  Plane  of  figure.  (2).  Predicted  collision  point. 

Eage  502. 


the  random  errors,  which  deteriine  the  scatter  of  points  cf  an 
incidence/drop  in  the  projectiles  cr  plane  cr  vcluaetric  scattering 
Kith  tiae  fire  at  air  or  underwater  targets,  appear  without  the 
deterained  order,  the  ccncrcte/specif ic/actial  reasons  for  their 


f 


appearance  are  known  soietiies  only  qualitatively,  and  sometimes  also 
arc  entirely  unknown.  1c  judge  tbe  acccracy  cf  firing  at  the  data  of 
an]  shot  would  be  incorrectly,  since  sane  this  result  was  accidental. 


For  evaluating  the  accuracy  of  firing,  arc  utilized  the 
characteristics,  which  reflect  the  properties  cf  random  variables  and 
raydea  functions  and  lavs,  by  which  they  are  subordinated.  The 
aatheaatical  basis  of  the  determination  of  scattering  trajectories 
and  of  the  points  of  the  eperatier  cf  warheads  |cn  plane  and  in 
space,  cn  coordinates  and  cn  time)  are  the  protatility  theory,  the 
theory  of  errors  and  mathematical  statistics. 


The  flight  of  projectile,  era fire/considered  taking  into  account 

the  rasdem  disturbances,  initial  and  which  ect  in  the  process  cf 

action,  can  be  considered  as  stochastic  process,  described  by  the 

randon  function,  concrete/specific/actual  realization  of  which  is 

this  trajectory.  Tbe  study  cf  the  candct  character  of  nissile 

trajectories  and  of  projectiles  is  based  cc  tbe  special  section  of 

the  probability  theory  - theory  of  ratidcm  functions  or,  otherwise, 

the  theory  of  random  or  stochastic  prccesss.  Tbe  serious  obstructions 

cl  theoretical  and  calculated  ctdec  ace  enccuntered  during  the 

stcchastic  investigations  cf  the  trajectories  cf  the  guided  missiles 

aqd  of  projectiles,  whose  ruaber  cf  factors,  which  affect  the 

deviation  of  motion  characteristics  frci  the  calculated  (ideal),  is 
especially  great. 
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In  practice  during  the  study  c£  the  scstter  of  points  of  the 
regdeivous  of  the  rccket  (projectile)  with  flat/plane 
fcarrier/obstacle  or  the  vclunetric  scatter  cf  pcints  of  the  operation 
cf  reacte  projectiles  ic  space  for  siiplif icaticn  in  the  scluticn  cf 
prctlea  utilizes  the  secticrs  cf  tte  probability  theory,  which 
examine  randca  variables. 

the  region  of  the  stochastic  studies  cl  scettering  trajectories 
and  of  the  isclated  pcirts  cf  the  cpecaticc  cf  the  warheads  of  the 
rcckets,  projectiles,  ain  and  aircraft  foals  is  extreaely  vast.  Many 
questions  require  the  detailed  specialized  in vestigations.  In 
connection  with  firing  stcctastic  picbleas  can  fe  divided  into  two 
large  groups. 

fhe  first  group  of  problems  is  characteristic  for  stages  of  the 
design  cf  Beans  armament,  tleir  firal  adjustnert  and  testing.  One  of 
the  basic  problems  cf  tte  first  greup  is  study  cf  the  action  of  the 
pexturtation  factors  and  calculated  determining  of  the  expected 
characteristics  of  scattering,  accuracy  of  firirg  and,  in  the  final 
analysis,  the  effectiveness  of  the  acticn  cl  tkc  design/pre jected 


means  araaaent 
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the  second  group  covers  the  problems,  ccnnected  directly  with 
the  use  of  the  already  available  sears  araaient.  Are  this  involved, 
fer  example,  the  develcpxent  cf  rules  and  settees  of  use  cosbat  of 
technology,  the  detersicaticn  cf  the  cccsusiticn  of  the  resources 
araasent  for  accoaplishing  cf  cne  cr  the  other  tactical  mission. 

Page  5C3. 

These  questions  usually  are  examined  in  independent  courses  Theory 
cf  firing",  the  'Theory  cf  tenting*,  etc. 

Both  named  groups  cf  stochastic  investigations  are  tightly 
interdcnnected,  at  their  tasis  lie/rest  the  satheaatical  sethods  of 
the  theory  cf  probablit)  and  the  generalized  statistical  experiment 
in  the  form  of  the  characteristics  cf  scattering  and  accuracy  of  the 
werk  cf  articles  as  a wbcle  (rockets,  projectiles,  etc.)  or  the 
separate  structural/design  units,  clcse  in  cesicnation/purpose  and 
ccnstruction  (autopilots,  gyrcsccpes,  acceleration  pickups,  etc.). 
The  ccabination  of  nathematical  invest  igatiens  with  statistical 
processing  of  experiaental  information  was  called 
experimental-theoretical  letbeds  of  the  evaluaticn  of  the 
characteristics  of  the  missile  dispersion  ard  projectiles. 
Experimental-theoretical  sethods,  used  durirg  design,  are  divided  on 
the  sc-called  analytical  aethods  and  the  methods  of  statistical 
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testings.  The  realizaticn  of  the  latter  practical  is  possible  only 


during  use  EVM 


fccmputer];  these  methods  in  ballistic  practice 


were  called  the  conditicnal  the  methods  of  lathesatical  or  electronic 
firing. 


§1.  Analytical  set  hods  cf  the  evaluaticr  cf  the  characteristics  of 
scattering. 


Determining  the  characteristics  of  scattering  for  the  newly 
desiga/pro jected  systeas  cf  rocket  cr  artilJery  armament  only 
pcssifale  experimental-theoretical  method.  let  us  examine  one  of  the 
varieties  of  this  method  - analytical  method. 


For  using  this  methed,  it  is  necessary  to  know  well  construction 
cf  the  design/projected  system,  technology  cf  its  manufacture  and 
physical  nature  of  the  pert erfc aticc  random  factors.  Only  in  this  case 
the  effect  of  each  of  the  random  factors  it  question  can  be 
determined  by  calculation.  let  us  examine  fer  an  example  determining 
the  characteristics  of  scattering  for  ary  pcint  in  the  trajectory, 
for  example,  for  the  point,  which  corresponds  tc  the  end/lead  cf  the 
operation  cf  the  ergine  cf  iccket  cr  fer  the  pcint  of  intersection  of 
trajectory  with  the  plane  of  target/purpose.  Trajectory  elements  at 
the  points  indicated  will  be  random  variables,  for  example,  the 
dintmace  *c  of  the  firing  projectile  fzon  barrel  artillery  piece  can 
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he  represented  as  functicc  cf  tandem  variables  v0,  S0,  n0,  c and  of 
sc  forth. 


let  us  exasiine  rardci  variable  A,  thick  car  be  presented  as 
fraction  of  several  randca  argument*  tbW  '-.ta 


(13. 1) 


ft  is  decosposed  (13.1)  in  Taylor  series  is  the  vicinity  of  the 
value  cf  function  A,  which  corresponds  to  tie  mathematical 
expectations  of  arguments  "M.*  mt.» • • • after  preserving  in  expansion 

the  members  not  higher  than  seccnd  order. 


Page  604. 

Then  stochastic  dependence  (13.  1)  , adhering  to  the  designations  of 
formula  (8.9),  can  be  presetted  in  this  fora: 

m 

*“/.(■»*.  mU>  ••.«».)+  ^(5^),^  + 

where  ((,  and  fy.  - in  the  case  in  gueation  the  centered  random 


variables: 


&-*t,  */— b-ff*«r 


Partial  derivatives  in  (13.2)  during  the  calculation  of  the 
sissile  dispersion  and  jrcjectiles  ccrrespcid  tc  the  ballistic 
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derivatives  tbe  procedures  cf  dete  r irina  tic  t c £ which  were  examined  in 
«h  apter  XI.  Index  n shows  that  during  the  calculation  of  the  values 
cf  derivatives  the  argusents  «ust  te  undertaken  egual  to  their 
■ atheistical  expectations  **»,. 


Mpplying  the  general  sethods  cf  detersinieg  the  nunerical 
characteristics  of  the  distcibuticn  cf  the  function  cf  randoi 
arguments,  let  us  write  [ 1C  ] 


*w.  ■ * ••  ®^)4"  “j1 


where  - dispersion  cf  randos  argueent 

- covariance  cf  tie  in  pairs  undertaken 

argusents  % and  W- 

Jo  the  stapler  case  when  ate  net  correlated,  the 

pxecedJng/previous  formla  will  take  the  fera 

Vcr  function  aany  alter  rating/ var iable  k tke  forsula,  which 
aakes  it  possible  tc  detecsine  its  dispersicn  Da,  is  obtained  coaplex 
and  its  practical  applicaticn/use  encounters  the  great  difficulties 
cf  theoretical  and  calculation  orders. 


Poriula  considerably  is  simplified,  if  cne  issues  that  arguaents 
li,  fe...  |»  ate  functiccally  independent  aid  act  correlated.  Then 


.5) 


* « 

•here  ISfel and  - the  respectively  third 

and  focrth  central  aoaents;  sign,  which  leans  that  is  conducted 

the  snaation  of  all  possible  pairwise  com t inat  ions  of  randoi 
variables  W/- 


for  the  noraal  law  of  the  dist ribmtion 

isW-0;  a.fcl-8n4-afjj 

and  then  foraula  (13.5)  is  converted  a?  follows: 

(13.6) 

fa  is  evident,  formulas  (13.3)  and  (13.5)  are  very  complex.: 


simplified  foraulas  (13.4)  and  (13.6)  during  their  practical  use  also 
will  lead  to  bulky  and  cciplex  calculations.  Therefore  during 
deteriining  of  the  characteristics  cf  scattering  at  the  stage  of 


there  fa  - a coefficient  ci  ccrrelaticr  ot  valve  & and  * 


r,t 


V«, 


Calculations  according  to  fcoula  (13. t)  can  be  carried  out,  if 
are  known  the  particular  derived  and  ntaerical 

\Hl  'm 

characteristics  of  distribution  for  the  arguaerts  of  the  stochastic 
systea : 

aatheaatical  expectations  i»it,  and  the 

correlation  aattix/die 

i*ii  *n  • • • *1 « 


/ 
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recall  that  the  cell/eleaent £ c t the  correlation  aatrix/die, 
arrange/ located  along  principal  ciagcral,  tiey  represent  by  itself  to 
the  dispersion  of  aryusents.  lor  calculators  accordiny  to  fcmula 
(13.9)  it  is  necessary  tc  have,  besides  «t(  sod  »(/,  the 
standardized/normalized  coccelaticr  iratrix/cie,  which  consists  cf  the 
coefficients  of  cocrelaticc  r(). 

If  candos  arguments  arc  not  correlated,  tfen  all  ce 11/e le Bents 
cf  correlation  xatrix/die,  except  ciagcral,  are  egual  to  zero 
(*o“" 0 vith  i#j)  and  then  free  foraulas  (1j-8)  and  (13.9)  let  us 
have 


or 


(IS.  10) 


a 


•v 


(Wwtl) 


It  is  necessary  to  keep  in  Bind  that  ir  tie  examined  «ethcd  of 
deteraining  the  numerical  characteristics  ci  scattering  the  functions 
cf  randca  variables  are  net  estafclish/installec  the  lavs  of  their 
distribution.  For  the  deteraination  of  the  lavs  of  the  distribution 
of  the  functionsof  randci  arguaents  - the  dersity  of  distribution  and 
cf  distribution  function  - ere  ccgcircd  special 
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experimental.- theoretical  studies. 
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is  indicate  nany  theoretical  studies  acd  statistical  testings, 
total  scattering  of  artillery  shells  it  is  subordinated  to  the  ncrxal 
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(13.12) 

In  conformity  with  the  property  of  stability,  let  us  have  for  A 


the  norial  law  of  distribution  with  the  rcct-nean-square  deviation. 
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determined  with  respect  tc  fcnula  13.11, 


f{A) X—i  **  . 

•a** 

for  the  normal  law  of  distribution,  the  rcct-mean-sguare  deviation  is 
connected  with  the  middle  error  E through  tic  ccnstant  factor 


and  then 


£-0,«745o 


(13. 13) 


(13.14) 


It  we  designate  mean  deviation,  which  characterizes  that  comprise  of 
the  cpmplete  scattering  of  function  A because  cf  scattering  of  random 


factor  It,  through 


(13. 15) 


that  tbe  middle  errcr,  which  characterizes  the  complete  scattering  of 
value  1,  will  be  equal  tc 


(13. 16) 


Mean  deviation  of  the  deteriining  parameters  frequently  designate 
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Foz  example,  for  the  barrel  system 


r-  - mean  deviaticn  v ; 

0 

ft,  - mean  deviaticn  j 

r*  - mean  deviaticn  c. 


Page  508. 


If  me  introduce  ru  that 


Fcr  our  example 


na  i7) 


the  property 


f-c  - V (*■'’•)'+  '<•)'+ [if-'')'-  <«•  •*) 

cf  stability  possess  cot  all  laws  of  distribution. 


Fcr  example,  combination  cf  the  values,  which  ctey  the  law  of  uniform 
density,  gives  new  law  [10].  Special  cctploities  are  encountered 
during  the  determination  cf  the  lavs  cf  the  distribution  of  the 


functions,  which  are  the  consequence  of  the  cc atinations  of  the  J 

$ i 


arguments,  which  have  different  lavs  cl  d is trih vtion.  This  fact 
decreases  the  accuracy  cf  the  examined  Betted  during  its 
appliaation/use  lor  determining  scattering  the  trajectories  of  new 
criginal  controlled  rockets  and  projectiles. 

Let  us  examine  performance  calculation  ol  scattering  the 
uoguided  rockets  by  analytical  method. 

The  contemporary  unguided  rockets  cf  class  "surface-surface" 
with  engine,  usually  by  worker  on  solid  fuel,  are  utilized  for  a 
firing  to  the  comparatively  sheet  distarces  (it  is  not  more  than 
5C-100  km) . The  trajectory  height  cf  such  rcckets,  as  a rule,  does 
not  exceed  30-50  km,  i.e.,  entire/all  missile  trajectory  passes  in 
the  sufficiently  dense  layers  cf  the  atmosphere,  and  air  resistance 
significantly  affects  rccket  flight  entire  trajectory.  By  the  rockets 
cf  this  class  they  conduct  firing  mainly  at  the  target/purposes, 
arrange/ located  on  the  surface  cf  gicund  or  sea;  therefore  the 
greatest  interest  represents  the  scatter  cf  pcints  of  incidence/drop. 


The  weak  interconnect icn  cf  lcngitudiral  ard  yawing  motions 


makes  it  possible  to  separately  examine  longitudinal  scattering  (on 
distance)  in  the  direction  cl  y-axis  cf  the  starting  coordinate 
systea  and  lateral  - in  the  direction  ol  z txis. 
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Ite  characteristics  cf  scattering  courier  trajectories  for  each 
of  the  sections  are  calculated  separately,  just  as  the  correction 
(see  Chapter  XI  §6).  The  characteristics  of  scattering  trajectory 
elements  at  the  end  of  the  preceding/prev ices  section  serve  as 
initial  characteristics  fee  the  sulseguent  section.  Let  us  exaaine 
determining  the  characteristics  cf  scatterirg  separately  for  active 
ard  inactive  legs.  For  the  calculation  cf  lcngitudinal  scattering  on 
active  section,  we  utilize  a systea  cf  equations  (3.79) 

— ffsinl;  i»  -ISi j I;  i««caii. 

Page  5C9. 

The  integration  of  this  systen  rakes  it  pcssible  to  obtain  the 

. . I 

action  characteristics  cf  rccket  as  rateriai  joint.  Let  us  write  the  I 

right  sides  cf  equations  (3.79)  in  functional  fern. 

•—/»(*.  x*  «»  ».  •)!  *-/•(«.  •); 

*—/•(«.  *);  •). 

Scattering  the  cell/elenent s of  trajectory  at  the  end  of  the  active 
section  will  be  deternired  ty  the  probable  deviations  of  the 
arguments  of  systea  (13.19)  and  ty  scatterirg  the  initial  conditions 
for  which  it  is  possible  tc  accept  the  randca  vector  of  the  velocity 


(13. 19) 


h 

I 
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c f the  center  of  mass  at  the  sciert  cf  the  descent  of  rocket  froa 
guides,  that  is  changed  in  lodule/icdulus  ard  direction.  Scattering 
the  eperdinates  of  initial  point  in  the  trajectory  with  fixed  guides 
can  be  disregarded. 


1 


! 

i 


thrust  P and  drag  X in  turn,  depend  cr  a r umber  of  factors; 
therefore  expedient  to  open  their  values,  for  thich  we  will  use 
previously  obtained  dependence  (11.16). 

«—/»(«.  •.  »•  A,  s,  8.  ct(M),  1*1). 

tanb  the  unit/single  acient ua/iopu lse/pulse  Jt  depends  mainly  cn  fuel 
heating  value  and  in  smaller  measure  c 9 the  cesign  features  cf 
engine.  Contemporary  sclid  fuels  represent  t j themselves,  as  a rule, 
the  mixture  cf  different  ccaponents.  The  ccapcsition  of  mixture 
ideally  accurately  for  all  rockets  cannct  he  aaintained;  therefore 
unit/single  mcmentua/impulse/pulse  fer  each  rccket  will  differ 
somewhat  from  the  nominal.  1c  the  value  of  unit/single 
■c lent  cm/impulse/pulse,  has  effect  the  initial  temperature  of 
f uel/f ropellant.  This  fact  also  leads  to  the  spread  ot  unit/sirgle 
mcaentum/impulse/p u lse,  since  tc  attain  the  identical  temperature 
field  cf  charge  in  all  rcckets  is  virtually  impossible. 


Instead  of  the  consumption  of  mass  during  setting  of  the  scatter 
cf  trajectory  elements  at  the  end  cf  the  active  section,  they  prefer 
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to  cxaaine  the  operating  tiie  c f ergiaa  tm  aith  sufficient  accuracy 
ccaaunication/connectic n between  thei  la  expressed  by  the  dependence 

abate  an  - aass  of  fuel/prcpellant. 

the  operating  tiae  cf  engine  4 also  differs  froa  the  nominal, 
since  they  occur  the  scatter  of  ccafcustion  chaaher  pressure  and  the 
dispersion  of  the  nczzle  threat  area,  that  lead  to  the  scatter  of 
fuel  ccnsuapticn  per  secend. 


the  spread  of  unit/single  moaertui/iap ulse/pulse  will  affect 
aairly  scattering  of  the  velocity  cf  rccket  at  the  end  of  the 
operation  of  angina  pm  while  tiae  jitter  cf  burning  - scattering  of 
ccardinataa  ^ ^ and  the  angle  of  the  slope  cf  velocity  vector^ 

Page  510.  * 

Shrust  represents  by  itself  the  vector,  determined,  besides 
acdule/aodulus,  even  by  directicr.  The  law  cf  a change  in  the  sense 
cf  the  vector  of  thrust  alsc  dees  ret  rcaaic  identical  for  the 
rockets  of  one  party/batch.  They  cccur  eccentricity  of  thrust,  i.e.. 


i 


r 

i 
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the  displacement  of  the  thrust  line  relative  tc  the  center  of  mass  of  j 
rccket,  and  the  misaligrmert  of  the  thrust  line  wnen  it  is  not  1 

i 

parallel  tc  axis  of  rocket.  This  leads  to  tie  fact  that  the  axis  of  j 

rocket  differs  fro*  tangent  to  trajectory,  rccket  aoves  with  the 
angles  of  attack  and  slip,  is  a result  cf  iritial  disturoances  and 
the  disturbance/pe  rturt  at  ic  r.s,  which  act  ic  trajectory,  even  in  the 
absence  of  eccentricity  ard  misalignment  of  thrust  the  angles  of 

i 

attack  and  slip  are  not  egual  tc  zerc.  Ihe  presence  of  these  angles  j 

determines  the  composing  the  thrusts  in  trarsvcrse  direction,  < 

i 

deforming  trajectory.  Irajectcry  cr  active  section  heaves  or  is 
emitted,  it  is  displaced  to  the  right  cr  tc  the  left. 

System  of  eguations  (J.79)  is  comprised  fer  normal 
meteorological  conditicrs.  kith  the  uish  tc  ccrsider  the  atmospheric 
disturtances  it  is  necessary  functicnal  dependecce  (13.19)  tc  add  as 
arguments  pressure,  the  temperature  cf  air  srd  the  wind  (see  Chapter 
XI).  the  mere  complete  account  cf  aerodynamic  fcrces  will  require 
passage  from  system  (3.79)  to  another  lasic  system  of  equations, 
which  includes  necessary  these  ccmprise  of  aerodynamic  drag.  Let  us 
designate  the  atmospheric  perturbation  factors  through  Ur 

Initial  conditions  let  us  consider  angle  60,  by  angular  velocity 

4 

$0  and  by  initial  velocity  v0. 


r 


\ 


* 

» 
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For  siaplicity  of  writing,  lat  us  designate  trajectory  eleseats 
at  the  end  of  tha  active  section  x*  fee*  aqd  e,  through 
then,  taking  into  account  (13.19),  (11.18)  and  the  considerations 
presented,  we  can  write  stochastic  dependence  fer  AKi 

*«/— /i(A,  ?T.  *r,  5,  cx(M),  ffi„  l(l  •„  e„  ^ (13.30) 

In  first  part  one  four  arguaent  deteraices  scattering  thrust; 
arguaects  S and  «*(M)  determine  scattering  cf  drag;  arguaent  n0 
deteraines  scattering  initial  aass  (or  weight  C0) ; arguaents  0O,  0O 
and  v,  deternine  scattering  initial  ccijditicns  and  value  f*  - total 
effect  cf  the  atmospheric  disturtances. 

the  root-mean-square  deviation  cf  each  of  the  randoa  arguaents 
let  us  designate  respectively  •/„  e#„  y ■»,.  » ^ a.,,  e^. 

let  all  the  randoa  arguaents  he  net  correlated  and  are 
subordinated  to  the  noraal  law  cf  distribution ; then  the  total 
scattering  of  randoa  fuccticn  AKi  is  also  subordinated  to  the  noraal 
law  of  distribution  and  is  deterained  by  fciaula  (13.11). 

face  511. 


For  sjsplicity  let  us  write  separately  average  guadratic  deviation 


DCC  = 781C7118  it  Ql  /£)/0 

determined  by  thrust,  air  resistance,  weight,  initial 
conditions  and  the  atmospheric  dist urtarces . From  scattering  of 
thrcst  vector,  we  will  cfctain 


(13.21) 


The  roct-mean-sgua re  deviation,  deterained  r y scattering  drag,  is 
egnal 

<**.,>•-]/  (■^J-*),+  (-fcT <13-221 

For  the  calculation  of  scattering,  it  is  possible  to  take  constant 
fcr  entire  powered  flight  trajectory  value  «f(r,  expressed  in 
percentages. 

of  the  initial  mass 

(13.23) 

Frca  scattering  of  the  initial  conditions 


Soot-mean-sguare  deviation  from  scattering 
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the  root-mean-square  deviation,  determined  by  the  atmospheric 
disturbances,  is  equal  ■' 

(13-25) 

In  the  analytical  netted  cf  calculaticc  of  scattering  in 
guesticn  tc  directly  consider  the  chance  ci  the  process  of  changing 
the  weather  factors  with  height/altitude  arc  tiae  is  not  represented 
pcssible.  It  is  expedient  preliainarily  freo  a change  in  the  weather 
factors  as  random  functions  to  pass  tc  scattering  of  ballistic  wind, 
the  ballistic  temperature  deflecticij  and  barcaetric  pressure,  after 
describing  by  their  corresponding  rcct-xear-sguare  deviation  fren 
standard  conditions,  determined  by  stancarc  aticsphere. 

Grand  average  standard  deviation,  which  characterizes  scattering 
the  cell/elements  of  metier  at  the  end  cf  the  engine  operation,  will 
be  determined  according  tc  the  formula 

1.26) 

Eage  512. 

Scattering  trajectories  on  passive  section  is  determined:  by 
scattering  initial  for  a passive  sccticn  metier  characteristics,  by 
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scattering  aerodynamic  drag,  by  scattering 
aeteorclogical  factors.  Ercit  aerodynamic  ch 
before  consider  scattering  cnly  drag.  Ihe  c 
scattering  the  values  c t trajectory  element 
end/lead  of  the  engine  eperatien,  determine 
us  designate  respectively: 
scatter  of  points  of  an  incidence/drcp  in  t 
cnly  by  scattering  initial  conditions,  ther 
sc-called  latent  scattering  for  which 


The  effect  of  scattering  the  drac  coel 

rocket  on  passive  section  can  be  registrati 

appropriate  root-mean-sguace  deviaticc  cf  d 

the  roct-mean-sguare  deviation  of  tte  weigb 

is  more  convenient  on  passive  section  tc  in 

ballistic  coefficient  10*  ard  tc  de 

Qm  . 

rcct-aean-sguare  deviation  cf  ballistic  coe 


weight  and  by  scattering 
er acteristics  let  us  as 
tar acteristics  of 
s at  the  point  of  the 
d cn  formula  (13.26),  let 
If  we  consider  that  the 
be  rocket  was  determined 
we  will  obtain  the 


(13.27) 


liciect  and  weight  of 
c n/accounting  through  the 
rag  coefficient  «Cjr,  and 
t of  rocket  However, 
trccuce  to  examination 
teriine  the  immediately 
ificicot  - <v 


The  root-aean-square  deviation,  which  characterizes  the 
atacspberic  disturbances  cn  passive  section,  let  us  determine 
according  to  the  formula,  similar  (13.25),  after  introducing  the 
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index  cf  "p" 


The  determination  cf  r cct-irea  r-sg  uare  deviation  must  be 
conducted  in  accordance  kith  the  considerations,  presented  in 
ccnnedtici)  with  formula  (13.25).  On  trajectories  which  pass  in  the 
relatively  dense  layers  of  the  atmosphere,  freo  weather  factors  the 
■ cst  essential  effect  exerts  scattering  wire  velocity.  Talcing  into 
account  basic  factors  for  tte  unguided  rockets,  average  quadratic 
range  error  will  be  determined  according  to  the  formula 


Eace  513. 


Scattering  in  side  direction  on  inactive  leg  is  determined  in 
essence:  by  scattering  angle  characterising  the  sense  of  the 
vector  cf  the  speed  of  relatively  plane  of  reference  of  casting;  by 
scattering  angular  velocity  by  scatterirg  coordinate  K and  by 

scattering  the  velocity  cf  lateral  ballistic  wind.  The  total  lateral 
scattering  of  trajectories  is  characterized  by  value 
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(13.30) 


In  the  sore  detailed  study  c £ problem,  besides  the  named 
factors,  it  is  necessary  tc  still  cccsider  eccentricity  of  masses  and 
aerodynamic  eccentricity,  caused  by  the  technological  inaccuracies, 
for  example,  by  the  misaliermert  cf  stabiliser  fins.  As  a result  of 
eccentricity  and  misalignment  cf  the  axis  cl  thrust  of  aerodynamic 
eccentricity  and  eccentricity  cf  masses,  arc  alsc  the 
disturtance/perturtatic rs  cf  the  rccket  with  descent  from  guides, 
appears  scattering  the  angles  of  attack  and  slip.  The  more  detailed 
account  of  all  affecting  factors  (including  technological)  will 
considerably  complicate  scluticn.  Cpcr  consideration  only  of  basic 
perturbation  factors,  the  examined  method  makes  it  possible  to 
rate/estimate  the  characteristics  cf  scattering  the  design/projected 
rccket  and  to  determine  the  advisatility  of  further  development  of 
the  assumed  construction.  It  is  necessary  tc  keep  in  mind  that  when 
the  problem  is  solved  in  the  first  ap prcximaticy,  it  is  difficult, 
and  sometimes  also  virtually  it  is  net  possible  to  consider  the 
correlation  communicaticc/ccnnectic ns  between  the  separate 
perturbation  factors,  it  is  difficult  tc  previously  establish/install 
the  laws  of  the  distributicc  of  rardem  arguments  and  the  random 
fuccticn  of  these  arguments.  Freguectly  witbcct  sufficient 
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substantiation  it  is  necessary  to  select  tte  normal  law  of 
distribution. 

Special  difficulties  are  encountered  during  the  calculated 
deteriinaticn  of  scattering  the  guided  missiles  cf  class 
"surface-surface”.  Despite  the  fact  that  similar  rockets  are  equipped 
by  the  control  systems,  to  completely  reaeve  their  scattering  is  net 
represented  possible.  Steering  functicrs  cf  type  (9.9)  (9.10)  are 

ccaprised  with  the  specific  assuaptiens.  In  the  aajority  of  the 
cases,  are  considered  ccly  first  tens  cf  expansion  in  a series, 
since  the  account  of  quadratic  tens  of  expansicn  leads  to  the 
considerable  complication  of  the  ccntrcl  system*  The  noncoincidence 
cf  the  right  and  left  sides  cf  equalities  (S.7)  or  (9.10)  at  the 
cutoff  of  engine  will  always  give  the  error,  determined  in  general 
fcr>  by  formula  (9.11). 

The  cessation  of  the  operation  cf  eqgice  (resetting  to  zero  of 
thrust)  is  realized  not  instantly  [3E]. 

Cage  S14. 

The  aoaentua/iapulse/pulse  cf  the  aftereffect  cf  thrust,  after  the 
delivery  of  the  sain  ccnand  to  its  evteff,  mill  have  certain  spread, 
which  will  give  scattering  velocity  vK.  It  the  rocket  is  controllable 
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cc  ly  co  active  section,  tier  on  the  descending  branch  of  trajectory 
they  will  cccur  of  the  disturbance/ perturbations,  determined  by  the 
passage  of  the  rocket  through  the  dense  layers  cf  the  ataosphere.  The 
eouaerated  errors,  caused  by  the  aethed  of  ccntrol  accepted,  are 
called  systeaatic. 

Besides  systeaatic  ezrers,  to  the  flight  cf  the  guided  aissiles 
have  effect  the  instruaent  errors,  which  are  inherent  in  steering 
devices.  The  gyrostabilized  platforas,  cq  wlich  are 
cstahlish/installed  acce lerc aeters , have  attendance/departures,  in 
ccqsequence  cf  which  the  axis  cf  the  sensitivity  of  acceleroaeters  in 
the  ccurse  of  time  differ  frea  given  one  on  the  start  of  the 
direction  of  aeasureaent,  yes  even  direction  itself,  aeasureaents  cn 
start  is  assigned  with  crtcr.  But  this  leads  tc  the  fact  that  the 
projections  of  the  speed  cf  rocket  and  it*  coordinate  ace  detecained 
with  errors.  The  foraaticn  cf  steering  function  4>  and  its  coapariscn 
with  ccaputed  value  for  the  er d/lead  cf  petered  flight  trajectory 
are  conducted  also  with  errers. 

tajt  average  quadratic  range  errors  for  the  class  of  rockets 
indicated  can  be  designed  by  analytical  netted  ct  the  aethod  of 
statistical  testings,  exaained  subsequently  paragraph.  If  is  applied 
analytical  aethod,  then  calculation  fcraula  takes  the  fora 
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mhere  oL+  - ras  range  error  as  a result  of  the  assumptions,  accepted 
during  introduction  to  steering  function; 


ormcrp  - ras  range  error  as  a result  cf  the  presence  of 

iactruaent  errors; 


o,  - the  root-mean-square  deviation  cf  the 

»« 

acientua/iapulse/pulse  cf  aftereffect. 

Ihe  third  term  (13.31)  expresses  effect  on  the  dispersion  in  distance 
cf  the  spread  of  the  acaentca/iifulse/f else  cf  the  aftereffect  of 
thrust,  and  last/latter  teri  characterizes  the  effect  on  «L  of  the 
disturbance/perturbaticns,  mhich  act  cn  the  section  of  the 
atmospheric  entry. 

Scattering  long  range  ballistic  missiles  in  side  direction  first 
cf  all  mill  he  determined  ty  scattering  tre;ectcry  elements  at  the 
end  of  the  active  secticr  (i.e.  cf  the  cutctf  feint  of  the  thrust). 
The  lateral  scatter  of  feints  of  incidence/crof  as  a result  of  this 
reason  in  linear  approach/ap prcxii aticc  is  ceterained  by  the  formula 
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Pace  515. 


Meat  essential  effect  cn  value  ^ have  terns 


and 


i*. 


.0  Thrust  cutoff  is  realised  in  functicc  value,  governing 

iau  **’ 

fljfing  range,  because  of  this  tc  utilize  a selection  of  the  cutcff 
feint  cf  thrust  for  obtaining  the  airiiun  cf  lateral  deviation  is  not 
represented  possible.  Therefore  for  decreasing  the  scattering  in  side 
direction,  it  falls  cn  all  peuered  flight  trajectory  to  attespt  via 
ccnttcl  to  decrease  values  * and  a.. 


there  is  an  error,  uhich  the  autcncaous  systen  control  not  at 
all  can  reaove.  This  error  is  sightirg  errer  alcng  azimuth. 

Acceptable  accuracy  in  side  direction  in  the  autonomous  control 
systea  it  is  possible  tc  achieve  crly  it  the  case  of  small  sighting 
error,  sighting  error  along  azimuth  can  be  ever  if  is  not  removed 
entirely,  then  is  substantially  decreased  vitb  tracking  rocket  flight 
ci)  ground  tracking  stations  and  on  ccrductirg  the  correction  of 
trajectory. 
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Together  with  the  deviations  ci  trajectory  elements  at  the  end 
c£  the  active  secticn  cf  scattering  ir  side  direction  definite  effect 
have  the  disturbance/peitur taticns , which  act  cn  the  rocket  upon  its 
entry  into  the  dense  layers  cf  the  atmcsphere. 


Ihe  scattering,  caused  ty  the  exaiinec  atcve  factors  (i.e. 
depending  cnly  on  rocket  itself),  they  freccently  call  technical. 


Eesides  technical  scattering  occurs  arcthei  the  scattering, 
connected  with  the  errors  fcr  the  preparaticn  cf  firing.  To  the 
errors  for  the  preparation  cf  firing  are  related  the  errors  in 
determination  of  geographical  reference  of  the  launching  point  and 
target/purpose,  error  in  the  determination  cf  the  atmospheric 
parameters,  error  in  the  detersinaticn  cf  the  temperature  of 
f uel/piopellan t,  etc.  The  errors  fcr  training/preparation  for  this 
grcup  of  launching/star ticgs  are  mere  less  are  identical,  but  they 
noticeably  are  distinguished  fcr  different  exenps.  The  errors  for 
training/preparaticn  lead  tc  scattering  of  the  centers  of  the 
grouping  of  projectiles  and  rockets  in  different  firings.  If  the  laws 
cf  technical  scattering  and  errors  fcr  trair inc/preparation  are 
identical,  then  the  characteristics  cf  complete  scattering  will  be 
equal  to 


(13. 33) 


r 

i 

f 
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Respectively  under  the  nerval  laws  of  the  distribution  of 
technical  scattering  and  errors  fer  training/preparation,  it  is 
pcssible  tc  write  for  Bean  ceviaticc: 

(13.34) 

(13.35) 

i 

1 

where  flJtT  and  Bt.t  ~ Biddle,  cr  prctafcle,  range  errors  and  in  side 
directicn,  that  characteri2e  technical  scatterirg; 

and  ~ aiddle,  cr  ptofcafle,  the  deviations,  which 

characterize  the  errors  fer  training/f repar ctic*. 

Fcr  setting  of  kill  prctafcility  tc  tar cet/ purpose,  the 
aaaunition  consunpticn  and  time  cf  fire  for  effect  to  target/purpose, 
the  account  cf  the  errors  fcr  tr ai r i ng/ (re ( at at  ion  is  necessary. 

§2.  Detera ination  of  the  characteristics  of  scattering  by  the  aethed 
cf  statistical  testings. 


EAGE  /dao 


the  aethod  of  statistical  testings  - ere  cf  the  aost  universal 
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methods  of  determining  the  p rotabilistic  c he rac teristics  of  the 
results  of  the  large  number  of  solutions  ot  the  systems  of  the 
differential  equations,  which  describe  physical  process,  in  which  the 
initial  data  are  assigned  as  random  variables.  Hethcd  found 
application/use  in  many  areas  cf  science  arc  technology,  including  in 
ballistics  [8  ],  [ 18  ]. 

In  the  latter  case  is  performed  the  calculation  of  a large 
quantity  of  trajectories  cr  computers.  These  cf  the  parameters  the 
effect  cf  scattering  the  which  is  assumed  tc  consider  that  they  are 
represented  in  the  fora  of  randoa  cumbers.  3be  functions  the  effect 
cf  scattering  the  which  is  assuaed  tc  ccipsider,  for  axaaple,  a change 
in  the  weather  factors  with  height/altitude  *(f).  •(#).  ®(f).  they  are 
represented  in  the  fora  cf  randoa  functions.  Eefore  conducting  cf 
statistical  testings  (calculations)  is  conducted  the  careful  study  of 
all  paraaeters  and  functions,  which  affect  the  motion  of  rockets  and 
projectiles,  are  establish/installed  the  laws  cf  their  distribution 
and  nmaerical  characteristics  cf  these  laws.  Then  is  coaprised  the 
scst  ccaplete,  for  giver  specific  conditions,  systea  of  equations, 
which  includes  the  random  paraaeters  and  the  functions  whose  effect 
is  assuaed  to  consider.  Utilizing  the  obtained  values  of  the  randoa 
paraaeters  and  functions,  is  performed  calculation  ("experiment")  on 
coapu  ters. 
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The  randoa  parameters  ducirg  tbe  j testing  ace  taken  in  this 


fota: 


Si /*  M [(J + 


• • • • # * 


[Sj-f  NmPpr 


' > •„  •*{  - ,* '* '**.«’ v 
* • •*  ' V 


Bale  Id  - value  of  the  i parameter  during  the  j testing 
^calculation) ; 

- nathenatical  expectation  cf  the  i parameter  or  its 

rcsinal  value; 

Ntj  - the  ran  dev  nceter,  which  characterizes  the  value  of  the  i 
isitMtt:  during  the  j testing;  fer  exasple,  during  the  first  testing 
- Nn,  cn  tbe  second  - Si2  and  so  forth. 

The  randoa  functions,  introduced  into  lallistic  calculation,  are 
assigned  either  in  the  form  of  experiaental  specific  realizations 
cktained  during  testings,  cr  in  the  fees  cf  the  realizations, 
obtained  during  the  canonical  expansieg  of  the  randon  functions. 


J 
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which  describe  a change  in  each  of  tie  characteristics. 


As  is  known,  the  canonical  expansion  ci  random  function  is 
represented  ia  the  fora 

A’(/J.-«ir(#)+2  (13.37) 

tmt 

where  mx(t)  - watheaatical  expectation  of  rendci  function; 

' f»(0 fm(f)  - coordinate  functicfs;  ‘ V\,  V* Vm 

uqcorsclated  randoa  variables  with  the  latteiatical  expectations, 
equal  to  zero. 


Jn  ballistic  calculations  are  inticduced  the  randoa  functions, 
which  reflect  a change  of  the  weather  factors  depending  on 
height/altitude. 


Curing  the  use  of  cancrical  expansions,  it  is  possible  to  write 
for  deviation  of  tenperaturc  free  the  aerial  law 


(13.38)  ' 


•here  V,  and  - randoa  variable  and  cccrdirate  function,  that 
characterise  deviation  of  temperature. 


Saodoi  function  for  wind,  for  reasons,  presented  in  6hapterXr, 
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it  is  expedient  to  present  in  the  fees  cf  two  functions.  In 
V S 

direction  north-south: 

(»3.39) 

Cage  518.  j 

e.  W 

In  disecticn  east- vest: 

«*-.(*)-•»«(*)+ Jj  , (y).  ( 13. 40) 

Here  ic-jt^jf)  and  «m(d)  - change  in  tie  average  values  of  the 

projection^  of  wind  velocity  in  height/altitude; 

raqdcn  variables;  ^^(y),  ~ coordinate  functions,  which 

deteraine  randon  comprising  velocity  of  wine  according  to 
height/altitude  in  the  appropriate  directicr. 

In  each  concrete/specific/actual  trajectory  calculation,  it  is 
utilised  on  one  of  the  realizations  cf  randca  functions 
6T(g),  »c-to  (y)  and  w»_3  (y)-  Sardes  variables  and  coordinate  functions 
ace  dtterained  as  a result  cf  the  very  laborious  probabilistic 
analysis  of  large  quantity  cf  the  experinertal  data,  obtained  with 
the  neteorolcgical  sounding  of  the  atecspheie.  Sith  ballistic  rockets 
the  nusber  of  component  in  right  sides  expatsiens  of  randon  function 
( 13. 38) - (1 3.40)  is  deternined  by  the  available  experimental  data. 
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their  reliability  and  a quantity.  In  tie  majority  of  the  cases,  prcve 
tc  te  possible  to  take  10-15  tens  cf  expacsicr. 

let  us  examine  the  exe aplar y/a p pr cxina te  crder  of  the  use  of 
expressions  ( 13.38) -( 13. 40)  during  perfcrmacce  calculation  of 
scattering  of  rockets,  ifce  characteristics  cf  random  variables  V\ 
and  cccrdinate  functions  q>i(y)  we  ccrsider  Incwt.  Let  us  assume  that 
availatle  there  are  on  n cf  coordinate  functicrs  for  deter mina ticn 
61,  »c_ © and  and  frca  n cf  tie  tables  cf  random  coefficients. 

After  taking  according  tc  c ne  tardea  number  V,  cf  each  table,  after 
■ultiplying  each  of  then  by  its  (coinciding  in  number)  coordinate 
function  it  s ummed  up  tie  cltained  terns,  is  found 

concrete/specif ic/actual  curve  (realization),  »hich  characterizes  the 
lav  of  a change  in  the  deviation  cf  temperature  with  height/altitude 
at  the  first  "launching/starting". 

Then  similarly  is  found  the  lav  cf  a dance  in  wind  velocity 
with  heigh t/altitu de,  characterized  ty  functicrs  vc-n  (f ) and 
w+-n(v)-  For  the  facilitation  of  c alculatic  ts,  they  project  wind 
velocity  in  the  line  of  fire  and  tie  side  direction,  as  a result  of 
which  is  obtained  «,<F)  and  Wt{y)-  The  cfctaired  realizations  of  the 
deviations  of  the  atmospheric  parameters  from  tie  standard  6T(y), 
»«(F).  »«(F)  are  utilized  during  the  scluticr  cf  the  system  of 
cgvaticna  of  the  eotion  cf  rocket  fer  tie  first  "launching/starting". 


j 
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la  exactly  the  same  way  ate  calculated  realizations  6T(y), 
and  w, (ii)  far  the  2nd,  3rd  ard  sc  forth  cf 
"la unahing/star tings". 

Utilizing  the  obtained  values  cf  the  randca  parameters  and  the 
random  functions,  are  carried  cut  trajectory  calculations 
("experiments")  on  ETsV  8 [ 3UBM - digital  computer]  or  AVH.  Analog 
computers  give  results  with  large  crrcrs;  fccuever,  they  are  favorable 
when  tc  describe  mathematically  phencmeron  is  ret  completely 
represented  possible  ard  it  is  necessary  tc  jcir  up  of  machine  the 
real  assemblies  of  article. 


The  results  cf  calculation,  ettained  ir  the  first  "testing",  are 
introduced  into  table. 

Ihen  thus  is  conducted  the  seccrd  "testing",  the  third  and  so  up 
tc  the  latter. 

Page  519. 

Mhen  are  carried  out  all  "experiments",  fret  table  is  extracted 
the  which  interests  us  value  (fer  example,  distance,  flight  altitude. 
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etc.),  are  establish/instal led  the  lav  c£  its  distribution  and  the 
numerical  characteristics  cl  law.  Ihus,  as  a result  of  "testings"  is 
obtained  the  complete  description  cl  studied  value  from  the 
probabilistic  point. 

I fce  reliability  ol  results  duiirg  the  application/use  of  a 
method  of  statistical  testings  depends  to  a considerable  extent  on 
the  number  of  the  "experiments  conducted"  and  c|  the  accuracy  of  the 
xatheiatical  descripticn  cl  phenciencn;  fox  obtaining  the  reliable 
results,  are  reguired  usually  hundred  and  thousand  "experiments". 


By  basic  advantage  of  the  netted  cl  statistical  testings  was  a 
sufficiently  complete  descripticn  iccket  flight  as  of  randoa  process, 
deters inaticn  of  all  characteristics  ol  this  prccess. 


fc  deficiency/lacks  in 
time,  reguired  for  condccti 
in  ccmparison  with  analytic 

By  the  described  aetho 
ccxplete  scattering.  In  erd 
the  separate  parameter  or  f 
the  functicn  to  represent  a 
parameters  and  functicrs  tc 


the  method,  one  should  relate  the  leng 
rg  such  "testings",  and  high  consumption 
el  method. 

c are  determined  tie  characteristics  of 
er  tc  detenine  the  effect  of  scattering 
unction,  it  i$  necessary  this  parameter  or 
s randci,  and  retaining  determining 
take  or  rating  (ct  cn  mathematical 


w 
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expectation) . Similar  investigations  are  ccrnected  with  the 
calculation  of  a large  guantity  ct  trajectory  and  the  corresponding 
expenditures  of  the  machine  count  ti*e  cn  cciputers. 

§3.  Determining  the  characteristics  cf  scatter  icy  according  to  the 
results  of  firing. 

Birect/straig ht  experiment  (firing)  they  take  it  possible  nest 
tc  correctly  estimate  tie  c hacacte ristics  cf  scattering.  Firing  is 
conducted  in  the  final  development  stages  cl  missile  or  artillery 
complex.  With  an  increase  in  tie  ccst/value  cf  rockets  (pro jectiles) , 
it  is  logical,  they  descend  the  possibility  cf  obtaining  sufficient 
statistical  material  by  conducting  the  firings.  Therefore  the  results 
of  firing  always  are  estimated  in  combination  with  theoretical 
calculations.  The  basic  difficulty  cf  the  solution  of  this  problem 
with  rccket  firings  consist:  in  the  liiitediess  of  statistical 
material  or,  in  other  words,  in  the  lew  nuiier  cf  rocket  launchings, 
anc  also  in  the  fact  that  is  previously  unkicwr  the  law  of 
distribution. 


Mi- 


* 
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fig.  13.3.  Scattering  tic  coordinate*  cf  tie  impact  points  in  the 
projectiles  in  locality. 


Page  520. 


Ic  connection  with  this  it  the  process  cf  tie  calculation  of 
numerical  characteristics  according  to  the  results  of  experiment,  it 
is  necessary  to  speak  net  atcut  precise  of  their  value,  but  only 
abcut  the  average  statistical  values  cf  the  cltained  quantities.  The 
average  statistical  values  cf  numerical  characteristics  usually  are 


designated  with  line  afccve.  For  example  M(x]-.  Mx 


- average 


statistical  mathematical  expectation  cf  rascca  variable; 


ZJM-U* 


etc. 


- average  statistical  dispersicn  cf  random  variable. 


let  us  examine  the  basic  stages  of  prccessing  the  results  cf 


ECC  * 78107118 


EIGi  ■&£ 


/o3o 


firing.  Let  us  assume  that  kith  "n"  rocket  iaurchings  He  have  "n"  of 
the  points  of  their  incidence/drop  cn  plant  xoz  (Fig.  13.3).  The 
coordinates  of  impact  feints  it  is  acst  expedient  to  determine  in  the 
startirg  coordinate  system.  They  first  cf  ell  extract  consecutively 
the  coordinates  (x ; z)  of  each  impact  pcint  in  second  and  third 
ccluacs  in  Table  13.1. 


Further  are  determined  the  values  cf  average  statistical 
mathematical  expectations  according  tc  coordinates  x and  z 


i*. 

MV* 

i" 

n _iSi 


(!«.«) 


r. 
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Kef:  (1)-  Number  of  experiment. 

Fa ge  521. 

cell!*** 

Then  are  filled  the  reiaining  “fatle  13.1  for  all 

•xpsriasats  and  are  determined  average  statistical  dispersions 
<B*;  0»)  sod  covariance'  (Eat)  according  to  tie  following  dependences 

(13.45) 

(13.44) 

(13.45) 
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Ftrther  ace  calculated  average  statistical  values  of 


correlation  (r„): 


( deviaticr  (a,;  a,) 

and  c£ 

(13.461 

v-V'E* 

(13.471 

r 

rm  FT' 

(13.43) 

Passage  from  dispersiens  to  rcct- xean-rguare  deviation  usually 
is  tade  on  that  reason,  that  the  diBensiona Jity  • is  equal  tc  the 
dimensionality  of  randcs  variable,  vhile  tic  di eensionalit y of 
dispersion  it  is  equal  tc  the  dimensionality  of  the  square  of  randee 
variable.  By  correlation  ccefficiect  also  tc  acre  usually 
ccnveniently  use  than  covariance.  The  correlation  coefficient  is 
disensiccless  and  changes  from  0 tc  1.  if  y„-o,  thetthis  leans  that 
between  random  variables  x and  z there  is  ro  correlation.  These 
values  are  independent  from  the  poirt  cf  the  pretability  theory. 
Cifference  F«*  from  zero  is  the  sign/critericn  cf  existence  of  the 
stochastic  dependence  between  randca  variables  x and  z.  But  if 

then  random  variables  x anc  z are  ccapletely  dependent  cn 


each  other 
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Per  evaluating  the  reliability  c£  the  ettained  average 
statistical  values  cf  ruaerical  characteristics,  calculate  for  the* 
the  so-called  confidence  intervals.  Let  us  exaaine  as  an  exaiple  the 
determination  of  confidence  interval  for  the  average  statistical 
■atheistical  expectation  cf  randc*  variable  x. 

Let  as  a result  of  processing  data  of  firing  we  obtain  that  M* 
and  it  is  necessary  to  rate/estioa  te  error  ' Tfr, — MK|  where  M,  - 

precise  value  of  the  mathematical  expectation  cf  random  variable  x. 

Cage  S22. 

Let  us  assign  certain  sufficiently  larce  preiatility  0 (for  exaiple, 
0*C.9 ),  such  so  that  the  event  with  probability  0 it  would  be 
possible  to  consider  virtually  reliable,  anc  let  us  find  such  value 

*•  for  which 

then  the  range  of  the  virtually  possible  values  cf  the  errors,  which 
appear  during  replacesent  M>  on  5^,  will  be  ±«.  Large  in  absolute 
value  errors  will  appear  aith  the  Jca  probability 

, e-l^-*.  (13.80) 

let  us  rewrite  eguality  (13.49)  in  this  fen: 
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(13.51) 


Obtained  equation  (13. 51)  means  that  kith  pictalility  p the  unknown 
precise  value  M«  falls  intc  fcllavirc  interval  (Fig.  13.4) 


y, _(».-«  »«+£, 


Value  /f  is  called  cf  confidence  interval,  and  p - confidence 
ccqff icieqt.  %a  our  case  p - the  prclafcility  of  the  fact  that  the 
ccffidence  interval  /«  will  cover  value  M» 


let  us  determine  ccnfidence  ictervals  icr  the  average 
statistical  mathematical  ex p ectati c rs  cf  the  rardom  variables  of 
ccordinatea  x and  x.  Fcr  this,  let  us  assigr  value  p , froa  which  let 
us  find  value  t«  [10].  The  relative  boundaries  cf  confidence 
intervals  let  us  determine  according  tc  the  formulas 


• - vA 


4 v"'-  1 


V,  .. 


Ccnseguently,  confidence  intervals  fcr  average  statistical 

■atfceaatical  ezpectatiocs  will  be  equal  to 
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■ he  relative  boundaries  of  confidence  intervals  for  the  average 


statistical  dispersions  of  xandoa  variables  x ard  z can  be  deterained 
ty  following  formulas  [1C]: 


(13.57) 

113.58) 


In  this  case,  the  confidence  intervals  of  average  statistical 
dispersions  will  be  egcal  tc 
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5x+(.bJ;  (13.59) 

: ( A )0j  = [Bf -(•)<,,;  B,+(«)o J.  (13.60) 


If  we  designate 

*u  "=  V Sjr— («)o,;  *M  — ^ ^+(«)ox. 

then  it  is  possible  to  cttain  confidence  intervals  for  average 
statistical  standard  deviations 

HA'  (13.61) 

; (AV,T(V  «b).  ' (13.62) 

Ifae  following  develcpxent  stage  cf  firings  is  the  construction 
cf  the  histcgraa  in  fora  cf  which  is  introcrcec  the  hypothesis  about 
the  possible  character  cf  the  law  cf  distriluticn.  For  the 
construction  of  histogran,  are  carried  cut  following 

prccess/operations.  They  divide  entire  range  of  the  obtained  values  x 
and  z for  the  discharges  (intervals).  United  ty  values 
and  *ii  **m  (for  the  i interval),  ard  ccsputc  a quantity  of 

values  of  randon  variable  that  being  necessary  for  each  i-<* 
discharge.  For  convenience  in  the  ccnstructicn  cf  histograa,  take  not 
true  values  * and  Sa  e.  tkeir  deviations  ften  the  corresponding 
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mathematical  expectations  a and  u-  Usually  numerical  length  is 
egual  to  six,  eight  and  it  is  thinner  - tea.  Generally  a guantity  of 
discharges  k depends  on  the  number  of  the  experiments  conducted.  The 
greater  the  experiments  (c)  , the  greater  numerical  length  can  be 
taken.  The  length  of  discharge  it  is  convenient  to  take  equal  to 
root-mean-square  deviation.  The  selected  discharges  and  a quantity  of 
values  cf  coordinate  <*N).  that  being  necessary  let  each  discharge, 
will  bring  in  into  the  first  two  lines  cf  'Telle  (13.2),  which  is  aade 
fer  random  variable  x (fee  an  example  it  is  undertaken  of  six 
discharges,  on  three  discharges  to  each  sice  free  zero).  Similar 
table  it  is  necessary  tc  lake,  alsc,  fer  rardci  variable  z. 

Fage  524. 

Gn  findings  are  constructed  tie  histograms  loth  for  the  random 
variable  x and  for  tandem  variable  z,  p lot/dep csiting  along  the  axes 
cf  abscissas  discharges,  utile  along  tie  axes  cf  ordinates  - the 
ccrresponding  to  then  guantities  of  values  (m<)  cf  random  variables. 

Analyzing  the  obtained  histograms,  is  introduced  hypothesis  on 
the  pxcfcable  character  cf  tie  law  cf  tie  distribution  of  given  random 
variable.  Tor  example,  cn  tie  histogram,  presented  in  Pig.  13.5,  it 
is  possible  to  introduce  hypothesis  about  tie  normal  law  of  random 
cumber  distribution  x. 
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The  introduced  hypothesis  or  the  law  cf  distribution  of  given 
racdca  variable  must  be  checked  cn  gccdness  cf  lit.  (lost  frequently 
for  this  is  applied  Pearscr’s  sc-called  critecicn  who  makes  it 

possible  to  rate/estimate  the  degree  of  the  coordination  introduced 
cf  theoretical  and  statistical  laws  cf  distribution. 


Value  x*  i-s  determined  according  to  the  dependence 


where  p<  - the  hit  protability  into  the  i-th  discharge,  designed 
according  to  the  introduced  theoretical  law  cf  distribution. 


Tables  13.2. 


(l)  PasfMAw 


• • • • • 

Q«  X\  Jfj*  Xj  X3 
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lor  example,  for  the  normal  law  cf  hit  probability  distribution 
cf  random  variable  x into  this  discharge  is  ccsputed  according  to  the 
fcriula 


Pi 


(13.64) 


where  xh  ac,+,  - bourdarj  values 

- root  mean  square  value  cf 

A 

earlier  from  experimental  data;  4>  - 
function  of  Laplace. 


cf  the 

given 


*1 


i discharge;  q y"2=0,6745; 
iandcu  variable,  found 
value  of  the  given 


Calculation  of  x*  fcr  the  Dorsal  law  cl  distribution  is 
convenient  tc  conduct  with  the  aid  of  Table  13.2. 


Further  is  defined  the  nuster  cf  degrees  cf  freedom  r as 
numerical  length  k sinus  the  nusber  cf  conditions 

(ccmmunicaticn/connecticns)  s,  super  impose c for  the  theoretical  law 
cf  the  distribution 

r-k—S.  (13.65) 

accepted. 


In  our  case  the  number  of  superimposed  conditiccs 
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(ccmmunica tice/connecticns)  S is  equal  to  thee. 


cue; 


2)  is  necessary  the  ccinciderce  of  the  theoretical  aqd  average 
statistical  of  mathematical  expectations; 


1)  it  is  necessary  that  the  sum  of  frequencies  would  be  equal  to 


3)  is  necessary  the  ccinciderce  cf  the  theoretical  and  average 
statistical  cf  dispersicns. 

Further  according  tc  those  found  x*  «bc  r determine  probability 
p cf  the  fact  that  the  law  cf  distribution  rcccpted  does  net 
contradict  experimental  date  [10].  If  probability  p is  low,  then 
hypothesis  about  the  introduced  law  cf  distribution  is  reject/thrown 
as  unlikely.  But  if  the  detained  probability  (p)  is  relatively  great, 
then  hypothesis  can  be  recognized  hy  the  net  cc ctcadictory 
experimental  data. 


Is  how  low  must  be  probability  p,  in  order  to  reject/throw  a 
hypothesis  concerning  the  ictrcduccd  law  cf  distribution,  a question 
net  defined.  It  cannot  be  solved  from  matheiatical  considerations.  In 
practice,  if  p<0.1,  ther  it  is  necessary  either  experiment  to  repeat 

cr  to  attempt  to  find  the  mere  adegu£t«/ap preaching  law  cf 

distribution. 


L. 
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It  should  be  noted  that  with  the  aid  ci  criterion  x*  (or  any 
ether  goodness  of  fit)  at  the  high  values  cl  p it  is  possible  cnly  to 
establish  that  the  hypothesis  accepted  abort  the  law  of  distribution 
does  net  ccntradict  experimental  data. 

Page  526. 

The  experimental  characteristics  cf  scattering  are  compared  with 
calculated,  together  they  are  estinated.  If  necessary  are  introduced 
the  ccrrecticns  into  the  calculated  law  of  cistribution  and 
characteristic  of  scattering. 

The  scatter  of  pcirts  cf  an  i rciderce/crop  in  the  artillery 
shells  and  unguided  rochets  they  are  sutorc  mated  to  the  ncrnal  law 
cf  distribution;  in  this  case,  the  ispact  points  are  arrange/located 
cn  plane  within  the  limits  cf  the  ellipse,  called  the  ellipse  of 
scattering.  The  center  of  ellipse  coincides  with  center  cf  dispersion 
(cr  by  the  center  cf  gtcupirg).  With  the  fixing  the  artillery 
rotating  shells  as  a result  of  right  derivation,  the  center  of  the 
ellipse  of  scattering  is  displaced  tc  the  right  from  the  direction  cf 
plane  cf  reference  cf  firing.  With  firing  at  locality,  the  axis  of 
ellipse  in  the  direction  cf  firing  is  ecual  tc  8B*  In  side  direction 
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the  axis  is  egual  to  8Be-  fiith  the  filing  at  fanel  the  projectiles,  | 

which  have  lew  trajectory,  the  ellipse  cf  scattering  it  approaches  a ! 

circuit erence.  Protable  (middle)  deviation  in  the  direction  of  I 

vertical  axis  is  designated  B*  a in  side  direction,  just  as  with 
firing  at  locality,  is  designated  Be  Batice  ?L  5*  and  Sl  in  > 

*c  ’ *c  *C 

artillery  is  conventionally  designated  as  ttc  characteristics  of 

clcsely  grouped  fire.  ! 

j ; 

Mith  firing  at  locality  ty  tfce  unguidec  fir-stabilized  missiles  . 

at  small  angles  of  increase,  just  as  with  tie  firing  artillery 
shells,  Bj>B«;  with  fitirc  with  the  angles,  clcse  to  the  angles  of 

i i 

maximum  range,  B«>Ba  and  transverse  is  directed  perpendicularly  t.c  \ 

the  line  of  fire  (Pig.  13.6).  ] 

Impending  on  the  ccitiration  cf  tie  acting  random  factors,  which  | 

determine  complete  scatterirg,  the  lcncitudinal  axis  of  ellipse  can 

! ■! 

he  inclined  toward  the  line  of  fire.  1 J 

Let  us  examine  dependence  for  the  calcrlaticn  of  certain  j 

characteristics  of  scatterirg  the  projectiles  cf  cannon-type  ! 

artillery,  which  proceeds  mainly  as  a result  of  change  from  cne  sbet  | 

to  the  next  o%,9%,e,  Ihe  effect  cf  scattering  weather  factors  for  l : 

cne  short-tere  firing  it  ic  possible  net  tc  cersider.  As  a rule,  the  j 


T 
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fees  another.  Let  us  designate  seat  deviation  vi  through 
through  ru  and  e through  r«.  Riddle  range  <rrcrs  in  the  case  cf 
acting  only  one  reason#  are  equal  tc: 


r-l 


there 


already  to  us  basic  correction  factors. 


Eage  527. 


Since  each  of  cause  acts  independently  cne  fr on  another#  the 
total  range  probable  erioc  is  deterained  fret  the  fcrnula 

&-~V  )’ +i  + (^■•)  • (,sw) 


According  to  the  characteristics  cf  cctplete  scattering#  it  is 
possible  tc  calculate  tie  c iaracte r ist ics  cf  scattering  of  one  of  the 
detersining  values.  For  exaaple,  if  ve  shoct  the  barrel  systes  at 
angle  of  elevation#  close  tc  tie  argle  cf  aaxiaua  range#  and  to 
detersine  experinental  B*  then#  ktouing  thrt  at  the  angles#  clcse  to 

dXfk 

the  angle  of  saxisua  range  — £-»0,  it  i*  possible  froa  formula 

e*o 

(13.61)  to  find  value 


rc  = 
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Value  r9%  is  deteriined  accorcirg  to  the  results  of  ballistic 
firings  with  the  use  of  the  formula 

1/  I'"'’’ 

r„-0.6745^  „ZLT>  (1S.67) 

where  oCp  - a deviation  of  the  initial  velocity  on  separate 

sbcts  vt  from  arithmetic  mean  velocity  in  the  group 


a 


fcr  evaluating  the  scattering  with  the  time  fire  the  rockets  or 
the  projectiles  of  classes  the  "ear tt/grourc  - air*  and  "air  - air" 
can  be  used  three  probable  deviation  B*  B«  and  B„  since  the  points 
ci  discontinuity  will  occupy  the  area  cf  space,  limited  by  the  volume 
cf  dispersion.  In  this  case  it  is  necessary  tc  determine  the  rotation 
cf  the  principal  axes  of  the  volume  cf  dispersicn  of  the  relatively 
starting  coordinate  system.  Cne  cf  the  axes  it  is  expedient  to  guide 
tangentially  toward  trajectory  (value  its  6 B,  ) , the  second  axis  - 
alcng  the  normal  to  trajectory  (value  its  e B,).  the  third  - cn 
bipcrmal  (value  its  8 B«). 


the  volume  of  dispersicn  is  shewn  cn  fig.  13.7.  The  coordinates 
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net  **  /o4^> 

cf  center  cf  dispersion  will  be 


Fig.  13.6.  Ellipses  of  scattering  kith  the  firing  the  unguided  rocket 
projectiles  at  different  arcles  cf  elevation. 

Page  £28. 

Hhen  with  firing  at  locality  either  vertical  barrier/obstacle 
prctable  deviations  in  different  directions  are  identical/  is 
introduced  into  examination  prcfcatle  circuit!  deviation,  frequently 
calling  it  simply  circular  deviation  cr  circular  error. 


Circular  probable  deviation  is  called  a radius  of  circle  with 
cemter  in  the  center  of  dispersion,  the  hit  pretability  to  which  is 
egual  to  0.5.  It  is  obvious,  circular  error  kill  be  the  more  than 


. > in  dm 
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appropriate  deviations  in  the  direction.  The  dependence  between  the 
probable  circular  deviation  Eu p (bj  circulai  error)  and  the  probable 
deviation  in  the  direction  takes  tie  form 

£,,p«l,75£  ' (13.68) 

or,  in  connection  with  firing  at  locality, 

/>- 1,75  Ba- 1,75  B«. 

It  is  obvious,  when  BawB«<«Ba  it  is  possible  to  introduce  into 
examination  the  sphere  of  scattering,  also,  for  its  characteristic  - 
spherical  probable  deviaticr.  Under  spherical  probable  deviation  is 
understood  a radius  of  the  sphere,  the  hit  probability  of  the  point 
of  discontinuity  into  which  is  eguel  tc  0.5.  Spherical  probable 
deviation  can  be  determined  through  one  of  probable  deviations  in  the 
direction  of  foraula 

£«*»*=  2,28  £.  (13.69) 
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Fig.  13.7.  Vcluae  c£  dispersion. 

§h.  Extcrs  of  fixing  with  ir.ductic$  tc  taccet/psipose. 

Ihe  accuracy  of  filing  and  scattering  aissile  trajectories 
(p  ic jectiles)  with  inducticn  to  target/pur p esc  depend  cn  the 
designation/purpose  of  iccket,  its  ccnstructic o , principle  of 
eperajkion  and  equipaent/dev  ice  of  the  ccntccl  systea,  i. e. , on  the 
acthod  of  guidance,  maneuverability  cf  projectile,  inertness  of 
ccntrpl  and  instruaent  errcis  [16]  accepted.  Fcr  the  index  of  the 
accuracy  of  guidance,  is  taken  the  valve  cf  the  error,  under  which  is 
understood  the  vector  guantity,  which  corresponds  to  the  ainiaua 
distacce  between  the  projectile  and  the  t ar cet/ purpose  (h|  . with  the 
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errcr,  equal  to  zero,  let  us  have  the  sc-called  direct  hit. 

Fcr  the  total  characteristic  cf  the  accuracy  of  guidance,  it  is 
necessary  to  know  the  aathenatical  expectations  cf  components  of 
vwctox  of  error  A*,***,  and  the  ccrrespcndirg  to  then  dispersicns 

A>,>  Dki. 

Cage  629. 

Cetertining  the  characteristics  of  the  accuracy  of  firing  at  the 
three-dimensional  random  vector  of  errcr  represents  by  itself  very 
ccaplex  problem;  therefore  in  practice  errcr  determines  two  these 
comprise,  lying  in  the  plane,  passing  throuefc  the  vital 
structural/design  assexbly  cf  target/purpese  sc  that  the  vector  of 
errcr  *ould  possibly  more  ccrrectlj  characterize  the  accuracy  cf 
guidance.  For  the  approximate  estiaate  cf  error,  it  is  possible  to  be 
restricted  to  its  aodule/ncculus. 

Scattering  the  trajectories  cf  hcaing  aissiles  is  caused  by  a 
series  of  the  reasons:  by  errors,  deterainec  by  the  inertness  cf 
ccntrol,  by  the  errors,  deterained  by  the  limitedness  of  the  maneuver 
cf  rocket  and  which  depend  cn  the  aethod  of  guidance  and  maneuvers  of 
target/purpose  and  rocket,  and  by  the  instrument  errors,  which  are 
exhibited  in  the  process  of  the  guidance  and  in  the  so-called  "dead 
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zc ije"  cf  control,  in  which  the  control  system  icc  a number  of  reasons 
ceases  to  act. 


Amcng  instrument  errors  first  of 
measuring  error  of  the  angular  cccrdin 
to  rocket.  Instrument  errors,  which  ce 
of  target/purpose  (coordinators),  lead 
targeting  is  realized  net  cc  target/pu 
point,  arrange/located  cn  certain  cist 
greater  the  errer  fet  cccrdinatcr,  the 
correct  the  errer  fer  coordinator  guid 
accepts  the  direction,  indicated  by  cc 


all  ere  should  note  the 
ates  cf  target/purpose  relative 
termite  the  angular  coordinates 
to  the  fact  that  missile 
rpose,  but  on  the  fictitious 
ance  irca  target/pur pose . The 
greater  the  value  of  error.  To 
acce  system  not  can,  since  it 
erdirator,  for  true. 


1c  the  errors  for  coordinators  arc  deleted  at  present 
sufficiently  many  works  both  in  seviet  and  in  foreign  literature. 


Scattering  missile  trajectories  with 
when  leasuring  device  is  located  cc  rocket 
head)  t is  determined  bj  the  same  sources  c 
hcming/self-induct ion , with  this  vcctcring 
cu  the  range  of  the  contccl  system.  In  the 
with  the  arrangement/pcsiticr,  cf  measuring 
radars)  oq  control  post  scattering  traject 
errors  for  determining  the  coordinates  cf 


remote  control  in  the  case 
(fer  example,  television 
i errors  that  and  with 
error  it  does  net  depend 
case  of  remote  control 
devices  (goniometers, 
cries  is  caused  by  the 
rocket  with  the  aid  cf 
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radar.  Kith  command  and  remote  control  the  value  cf  error,  caused  by 
instrument  errors,  increases  with  an  increase  in  the  range  of 
remcte-contrcl  system-  1c  irstrument  errors  car  be  also  referred  the 
errcrs,  which  appear  in  computer  ard  in  coBaanc  radio  link. 


While  relatively  snail  target  ranees  arc  its  maneuverings 
essential  effect  on  errer  have  the  errors,  raised  by  the  inertness  of 
rccket  (limited  maneuverability)  and  cf  the  errcrs,  caused  by  the 
inertness  of  ccntrcl. 


The  guidance  dispersiers  as  a whole  just  as  purely  instrument 
vectoring  errors,  are  examined  in  the  sjecielized  literature,  for 
example,  in  [ 16  ]. 


tags  530. 


let  us  here  examine  only  dynamic  errcrs,  connected  with  the  inertness 
cf  rccket  and  the  metier  characteristics  of  target/purpose  and 
rccket-  The  action  of  the  dynamic  errors,  determined  by  the  inertness 
of  rocket,  is  exhibited  in  the  fact  that  the  rccket  reacts  tc  the 
ccnaoc/crews  of  the  centre]  systen  with  certain  delay,  that,  it  is 
lcgical,  it  leads  to  about  Hach.  Dynamic  errors  depend  substantially 
cn  the  guidance  method  which  detersines  regeired  normal  load  factors. 


and  fret  the  character  cf  the  maneuvering  cl  ta rget/purpese. 


ECC  = 78107118 


E,CE 


let  us  examine  the  error,  which  defends  ct  maneuvering 
characteristics  of  rocket.  Paneuverati lity  can  he  determined  either 
fcy  the  smallest  possible  racius  of  curvature  cl  the  trajectory  cf  the 
■cticn  of  the  center  of  mass  cr  by  aaxiially  fcssible  transverse 
acceleration  aRp,  on  which  depend  the  ncrmal  load  factors. 


the  minimum  radius  of  curvature,  freqmently  utilized  during  the 
ccjstructicns  of  the  trajectcries  cf  tie  maieuver  of  rocket  and 
during  definition  of  lethal  areas,  can  be  determined  by  the  kncwn 
formula  of  the  kinematics 


1 13.  70) 


7be  ncrmal  acceleration  cf  rocket  cn  fcrmule  (4. 11)  is  equal 


iap  4i 

angular  velocities  — and  — are  determined  by  the  motion 

it  it  1 

characteristics  of  target/purpcse  and  by  gujcarce  method. 


If  we  proceed  from  the  kinematics  cf  tie  guidance  in  one  plane, 
then  with  error  functicc  r(t)  must  have  a m tilt a,  and  the  derivative 
dr/dt  be  equal  to  zero.  Frci  (4.8)  ccnditicr  dr/dt-0  for  an  error  is 


(. 

if 


I 


i 
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fulfilled  with 


ooa  o.««, cos  Of. 


Bor  an  example  let  us  chserve  the  order  cf  value  determination 
cf  error  with  missile  targeting  to  tarcet/purpcse  from  the  method  cf 
pursuit,  described  in  Chapter  IV.  let  us  e lattice  the  kinematics  of 
the  action  of  rocket  on  the  last/latter  section  cf  the  path  before 
its  rendezvous  tor  target/purpcse,  accepting  p=const.  A change  in  the 
distance  between  the  tarcet/purpcse  and  the  rocket  and  the  rate  of 
the  rotation  of  the  line  cf  sighting  with  pursuit  guidance  to  the 
target/purpose,  dri ving/mcving  towards,  we  will  obtain  that  on  the 
tasis  cf  formula  (7.109).  let  us  replace  ic  (7.1C9)  dy/dt  from 
fcraula  (7.114)  and  we  will  obtain 


OpVa  tin  a, 
*■  p 


(13.71) 


Eage  531. 

In  the  geqeral  case  r«wk  it  is  possible  to  deteriine,  after  applying 
on  right  side  (13.71)  the  ccnditicp 

03.72i 

• *”  1 “&V 


While  naneuvering  of  target/purpose  in  the  direction  and  velocity. 
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the  problem  is  solved  only  rumericcl ly. 


Similarly  it  is  possible  tc  derive  the  formulas,  which  determine 
the  error,  which  defends  ci  maneuvering  characteristics  of  rocket, 
and  fer  ether  methods  of  guidance  to  target/pur pcse. 


It  is  necessary  to  keep  in  mind  that  tie  cemage  to  target  is 
determined  net  only  acciracj  of  guidance,  lie  calculation  of  the 
effectiveness  of  firing  must  be  carried  out  taking  into  account  all 
acting  factors,  including  tfce  factcrs,  which  depend  on  construction 
and  wprk  of  the  warhead  of  the  rocket.  Ihis  is  the  large  problem, 
ccming  cut  beyond  the  sccpe  of  this  book. 
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Page  532. 

Chapter  XIV. 

FJPEBJtMENTAI  METHODS  OF  EXTERNAL  EAILISTICf. 

The  methods  of  conducting  ballistic  testings,  their 
crgani2aticn,  metering  equiiaert  ard  nethcds  of  processing  test 
results  depend  on  the  construction  of  the  experience/tested 
prcjeatile  and  designaticn/p ur pcse  cf  firinc.  Extra-ballistic 
testings  depending  on  designation/purpcse  can  te  divided  into  two 
large  groups  - intc  laboratory  testicgs,  conducted,  as  a rule,  with 
firing  from  special  projectile  settings  up  cr  artillery  instruments, 
and  to  the  range  tests  cf  rockets  and  artillery  shells. 

{laboratory  tests  are  conducted  in  the  specially  eguipped  dashes 
cr  on  polygon  ballistic  routes.  Firings  car  be  carried  out  both  on 
those  opened  and  in  closed  (decc* p iessicn)  routes.  The  separate  types 
cf  testings  are  firings  for  determining  the  initial  velocity  of 
projectile  and  characteristics  of  scattering  tie  initial  velocity. 
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firing  for  determining  of  tie  aerodynaaic  characteristics  of 
full-scale  specimen/saa  p les  and  models,  firing  for  determining  of  the 
stability  characteristics  of  metier  and  dycesic  qualities  of 
full-scale  specime n/sam p le  cr  model. 

Polygon  firings  from  artillery  instruments  and  by  rockets  are 
carried  cut  for  purpose  of  the  deter ainaticr  of  the  initial 
conditions  of  shot,  ranging  of  firing  and  characteristics  of  the 
scatter  of  points  of  incidence/drop,  fcken  conducting  of  firings  from 
rifled  artillery  weapons,  can  be  provided  experimental  determination 
of  derivation.  Each  fern  of  the  raned  pelygen  firings  can  be  carried 
cut  independently  in  the  process  of  creaticr  ard  final  adjustment  of 
the  speciaen/sample  of  araaaent  cr  composite  ir  the  process  of 
subsequent  testings  and  perferaing  werk  on  the  creation  of  firing 
tatles. 


i 


1 


Independent  value  have  the  trajectory  observations  of  rockets 
and  projectiles.  Trajectory  ebser vat ic ns  ir  the  form  of  the  fulfilled 
problems  can  be  divided  into  three  groups,  lhe  first  group  is 
cornected  with  testing  cf  rockets  and  projectiles. 

Page  533. 
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places  of  the  aissile  takeoffs  and  cf  firing  positrons  of  artillery 
instruments,  the  deter ainat icn  of  tic  predicted  points  of  impact  in 
the  rcckets  cr  proposed  targets.  Tie  third  greup  of  trajectory 
observations  is  connected  directly  with  tic  interception  of  the 
driviog/ao ving  rockets  and  projectiles  cf  different 
design at ion/pur pose. 

Jn  the  process  of  creation  and  final  aejurtaent  of  the  new 
speciaen/s aaples  of  the  rockets  and  ctler  flight  vehicles  final  stage 
are  flight  tests.  They  serve  fer  chtairing  the  «cst  coaplete 
inferaation  about  the  aerk  cf  aissile  ccaplex  as  a whole,  and  also 
its  separate  parts. 

Flight  tests  are  arly  testings  ahich  lake  it  possible  to 
rate/estimate  the  behavior  cf  flight  vehicle  directly  in  flight  and 
to  define  such  parameters  cf  its  acticn  as  linear  coordinates, 
velocity,  angular  displacement,  g-fcrce,  etc. 

Jts  a rule,  any  the  nealy  created  s peci  len/saaple  of  rocket 
passes  tao  types  of  testirgs  - check-crt  arc  ccihat. 

The  first  are  inteided  for  pericriance  checkout  of  different 
systeis,  placed  on  board  rocket,  ard  tie  flight  characteristics  cf 
rocket  as  a whole.  Test  speciaen  is  eouipped  hi th  a large  quantity  of 
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inspection  and  measurement  and  ether  special  equipment  which  is 
placed  cn  board  the  rocket  instead  cf  sene  assemblies  and  the  units 
whose  work  dees  not  undergo  investigations,  and  their  absence  dees 
net  interfere  with  the  renal  furcticnirg  c t all  remaining 
cell/eleae nts  and  units  cf  rocket.  £o  enter,  fer  example,  with  by 
warhead  and  the  equipment,  which  ecsures  its  detriaent/blasting. 


All  obtained  on  board  rocket  infenatien  is  transferred  at 
tracking  station  where  occurs  its  treatment.  These  stations  conduct 
alsc  external  measurements  fer  parameter  dcteriinaticn  of  the  moticn 
cf  rccket. 


Combat  tests  are  intended  for  testing  cf  the  military 
characteristics  of  rocket.  They  are  conducted  for  the  evaluation  of 
scattering  and  effectiveness  of  action  cn  tie  t erget/pur pose  of  the 
newly  created  specimen/sample.  During  service  firing  usually  special 
metering  eguipment  onboard  ler  the  rccket  is  net  establish/installed 
and  io  the  process  cf  testings  are  conducted  crly  external 
measurements,  which  can  be  iulfilled  with  tbe  aid  of  ground-based 
optical  and  radio  engineering  (radar)  equipment. 


Depending  on  the  method  of  measurement  of  the  parameters  cf 
trajectories,  extr a-tra jectcry  radic  engineering  measurements  are 


constructed  most  frequently  according  tc  active  and  passive 
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Ihe  active  principle  cf  measurements  is  ctaracterized  by  the 
fact  that  entire/all  metering  equipment  is  artange/located  at 
trackirg  station,  and  the  flight  vehicle  c$ly  reflects  the  sent  to  it 

* 

frca  station  signals. 

{ 

Cage  534. 

This  principle  of  measurenents  is  ttili2ed  for  the  target  detection 
and  tracking  their  motion  along  tra jectcries , as  a result  of  which 
are  determined  (for  example,  for  ballistic  missiles)  launching 
points,  the  predicted  trajectories  and  the  iipact  points  in  the 
rcckets. 

kith  the  passive  principle  cf  external  re asurenents,  basic 
■CQitcring-neasuring  equip  rent  is  placed  or  the  Earth  and  fixes  the 
position  of  flight  vehicle  according  to  the  signals  of  the  radio 
transmitter,  establish/installed  or  beard  the  latter. 


E'°‘  *jS5tf 


§1.  Measurement  of  speed  cf  motion  cf  body  on  ballistic  route. 


One  Of  the  most  widely  used  methods  of  determining  the  rate  of 
the  motion  of  body  along  trajectory  is  the  retted,  instituted  on  the 


DCC  * 78107119 


measurement  of  tine  t of  passage  by  the  bod}  of  the  section  of  the 
route  cf  the  specific  length  It  this  case,  after  making  assumption 
about  linear  change  of  speed,  is  calculates  its  unknown  value  from 
the  dependence 


The  obtained  value  of  velocity  v is  related  to  point  in  the 
trajectory  A,  which  coincides  with  the  middle  cf  the  measuring 
section  \ (Fig.  14.  1)  . 

for  decreasing  the  errors,  caused  ty  the  averaging  of  velocity, 
the  length  of  section  1 selects  pcssible  lceet,  how  this  allows 
metering  equipment.  As  it  is  clear  from  the  essence  of  the  examined 
method,  its  realizing  metering  eguipaent  must  consist  of  two 
interdependent  con pcnent/1 inks.  The  first  ccmp crent/link  - these  are 
chronograph,  instrument  for  measuring  the  transit  tine  by  the  body  of 
the  trajectory  phase.  Tie  second  cc ape rent/link  - these  are  the 
locking  apparatus,  adjustable  on  the  end/le«ds  cf  the  measuring  phase 
cf  tra jeet cries,  at  consecutive  signals  of  khich  occurs  the 
starting/launching  and  the  cessation  cf  the  computer  of  chronograph. 


Let  us  examine  in  more  detail  the  eguipiert,  utilized  for 


velocity  measurement 


Fig.  14.1.  Fig.  14.2. 

Fig.  14.1.  For  determinat ic r of  average  speed  cr  section  of  ballistic 

rccte* 

Fig.  14.2.  Block  diagras  cf  electronic  chrcrcgreph. 

[ *«j:  (1).  v. 
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I Chronograph. 

i 

f 

^ the  «ost  widely  used  at  present  type  cl  the  chronographs, 

; utililed  on  kallistic  routes,  is  the  electrcnic  chronograph  (EKh) , 

working  according  to  the  principle  cf  the  ccipariscn  of  the  aeasured 


■?  i 


tiie  intervals  with  the  sub  of  the  periods  c t oscillations  of  the 
high-frequency  crystal  oscillator  cf  the  electrical  signals.  The 
fclcck  diagram,  which  elucidates  device  work  cf  one  of  such 
chronographs,  is  given  in  Fig.  14.2. 

In  this  schematic: 

BUI  and  BU2  - respectively  more  frcnt/leading  and  rear  locking 
apparatus;  UPSB  - amplifier-converter  of  the  signals  of  blocking;  EP 
- electronic  breaker  (switch);  KGECh  - guartz  high-frequency 
oscillator;  ESU  - electronic  computer;  VS  - controlled  rectifier. 

Chronograph  is  supplied  through  the  unit  V£  from  the 
grid/network  of  alternating  current  with  vcltace/stress  -220V. 

7 he  measurement  of  tiie  by  chrcrcgraph  is  conducted  as  follows. 
In  transit  through  EU 1 the  tody  whose  velocity  lust  be  measured 
appears  the  electrical  signal,  which  is  appropriately  converted  and 
is  amplified  by  the  unit  IEEE  and  it  passes  to  cnit  EP. 

Ibe  high  speed  electronic  interrupter  triggering  time  its 
*1 •lO"*  s)  at  the  signal  frem  blocking  EDI  closes  the  circuit,  which 
connects  computer  with  crystal  oscillator,  In  this  case,  alternating 
current  from  KGVCh  with  period  of  1 * 1/f  begins  to  pass  into  ESU, 
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which  ccaputes  a quantity  cf  entered  it  ao lentug/iapulse/p ulses.  At 
the  mo  lent  of  the  cutput  cf  body  fees  measuring  section  at  the  signal 
frci  E02  again  wear/operates  the  urit  EE,  bit  alceady  disconnecting 
KGVCh  frea  ESU.  Thus,  fee  the  time  cf  the  icticc  cf  body  along  the 
aeasucing  phase  of  trajectciy  the  FSU  bill  leccid  the  specific 
quantity  of  the  entered  it  feriods  1.  If  the  nuiber  of  periods  is 
equal  to  n,  then  the  unknewr  time 

t-mT. 

I a the  chronographs,  utilized  during  tellistic  aeasureaen ts,  are 
applied  KGVCh,  that  develop  current  with  frequency  not  less  than 
f=*1*103  Hz,  i.e.,  with  the  cscillatciy  jetied,  it  is  not  aore 

r-i-ijo-i 

Error  due  to  the  icstatility  cf  the  frequency  cf  KGVCh  they 
virtually  disregard,  sirce  it  dees  ECt  exceed  C.OIo/o. 

Page  536. 

Error  froa  a reading  error  the  measured  tiie  interval  conprises 
net  apre  than  one  period,  since  the  beginning  cf  the  aeasured  time 
interval  can  either  coincide  with  the  acner tui/iapulse /pulse  of 
generator  or  render/shew  in  spacing  between  pulses. 
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ccc  = 


Error  At=T  is  for  EKh 
time  intervals. 


o a x io> u in  over  entire 


The  computer  of  cbrcnccraph  c 
■oaentun/iapulse/p ulses  either  cn 
be  used  the  combined  system.  Figur 
wcrk  of  ESU  in  the  deciaal  systeo 
several  identical  computing  decade 
transistors. 


an  take  a rea 
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ruober  of  pasts  through 

Thus,  for  instance 
shewn  cn  Fig.  14.3  (unc 
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this  corresponds  to  the  measured  flight  tilt 

h— /if— 3851  • 10-^-0,03851  % 

the  lisplay  system  of  the  chrcccgraph  those  computer  is 
iostitcted  on  the  use  of  a tinary  count,  is  shorn  on  Fig.  14.4.  It 
includes  12  cells,  equipped  each  bp  the  necr  bulb  (number  of  cells 
can  be  other).  Ignition  with  the  cessations  of  the  chronograph  cf  any 
necn  fculb  corresponds  to  the  passage  through  this  cell  of  the 
computer  «f  the  quantity  cf  me  men  1 1;  a/i  a pu  1 se/p-c lses,  equal  to  number 
*ia2*-r  where  N - number  cl  cell,  hunker  this  (n<)  calls  the  "value" 
of  cell.  The  "values"  of  each  cf  12  cells  ate  given  to  Fig.  by  14.4. 
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Fig.  14.3.  Schematic  of  recording  the  seasured  time  interval  with 
decimal  system  cf  count. 

Key:  (1).  s.  (2).  Erom.  (3).  Hz. 

Page  537. 

Thus,  total  number  of  mcmentum/imf ulse/pulres,  which  entered  the 
chronograph  for  the  tine  cf  the  motion  cf  tody,  will  be  determined 
from  turning  neon  fculbs  taking  into  account  tteir  "value".  For 
example,  in  the  position,  shown  in  Fig*  1 4.4,  computer  recorded  the 
Euater  of  periods 

/i-2®+21+2s+26+27+2*+2w+2"«385l, 

that  with  f=1Qs  Hz  gives  the  flight  tine 

t-nT- 0,03851  % 
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Locking  apparatus. 
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The  forms  of  locking  apparatus  kncwn  etch  - are  applied 
electrostatic,  capacitive,  photoelectric,  acoustic  inertia,  etc.  cf 
fclcckirg.  Let  us  examine  for  an  exaiple  sene  cf  the  blocking 
cell/eleaents. 

Frames-target s.  Frame-target  (fig-  14. f)  represents  by  itself 
the  flat/plane  frame,  usually  square.  The  size/dimension  of  frame  can 
change  depending  or  bore  d <f  ncdel  whose  velocity  mill  be  measured. 
Tc  frame  isolated  from  it  is  wound,  as  shewr  ir  figure,  fine/thin 
wire  with  a diameter  of  4q>->0.20— 0,25  ■■  (tinsel). 

Frames- target s are  estafcl ish/installe c cn  the  route  sc  that 
their  planes  would  be  perpendicular  tc  the  trajectory  of  the  metien 
cf  body,  and  their  windings  are  included  ir  the  unit  UPSB  of 
chrcncgraph  and  are  supplied  by  direct  current-  With  passage  through 
the  plane  of  frame-target,  the  tody  breaks  its  winding,  what  is  the 
signal  for  starting/launchi rg  or  cessation  cf  ESU  of  chronograph. 

Fcr  providing  the  reliable  interrupticr  with  the  dr iv ing/ueving 
tedy  of  the  winding  of  frane-target  the  distance  between  adjacent 
turns  cf  wire  l is  taken  frem  condition  t«C-25d,  and  the  winding/ccil 

cf  wire  is  conducted  with  certain  interference  in  order  to  deccease 

the  possibility  of  its  separation  intc  sides  asd  drawings.  For  the 

saac  purpose  during  measurements  v cf  the  bodies  of  the  low  caliber 
cf  the  wire  cf  trace- targets , the;  stick  cr  fiac/thin  paper. 
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Fig.  14.4.  Schematic  of  reccrding  cf  aeasurcd  tiie  interval  in  the 
binary  system  of  count. 

Key:  (1).  cell.  (2).  Value  cf  cell. 

Cage  538. 

1c  fraae-targets  axe  characteristic  the  following  operational 
deficiency /lacks: 

- is  necessary  to  restcre  the  ccapleteress  of  their  windings 
after  each  aeasureaentj 

- occurs  certain  ncnunifor aity  in  the  interruption  of  the  wires 
of  winding,  which  leads  to  the  unavoidable  errcrs  in  value  v. 

Nevertheless  f raae-tar cets,  in  view  cf  their  reliability  and 


simplicity,  are  utilized  very  widely 
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Sclenoid  blocking.  Ike  sensing  cell/elc 
blocking  is  the  solenoid  vith  double  binding 
(Fig.  14.6).  one  winding  cf  solenoid  is  supp 
creating  constant  magnetic  flux.  Kith  passac 
the  aetallic  body,  bhicb  possesses  lagcetic 
■agnetic  flux  (as  a result  cf  change)  of  mag 
in  inducing  binding  of  solenoid,  connected  h 
the  pulse  signal  of  cuccect. 

This  signal  - beak  and  in  the  unit  of  l 
converted  into  the  signal  vith  steep  have  fi 
eperation  cf  unit  EP  cf  chicnogiapfc. 

Sclenoid  blocking  possesses  a series  cf 

- allows  prolonged  repeated  use,  since 
process/operations  on  the  restcraticn/reduct 
completeness', 

- does  not  distort  the  flight  of  the  to 

- it  gives  a precise  and  uniform  time  o 
body  cf  the  plane  of  solenoid. 


sent  of  the  given 
, placed  in  aetal  casing 
lied  by  direct  current, 
e within  the  solenoid  of 
properties,  changes  the 
netic  peraeabi lity ) and 
itfc  UPSB,  it  is  induced 


PSE  it  is  amplified  and 
ent,  convenient  for  the 


the  advantages: 


do  not  reguire  any 
ion  cf  their 


dy  being  investigated^ 


ark  of  passage  by  the 
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however,  the  applicat  icn/use  ct  solenoids  as  locking  apparatus 
requires  conducting  firings  ty  the  aagnetized  todies  and  it  is 
teg  jugate/ combined  with  the  complication  of  the  units  UPSB  of 
chronographs. 


photoelectric  blocking.  Recently,  in  connection  with  the 
appearance  of  low-inertia  photocells,  fcr  laboratory  ballistic  routes 
they  will  begin  to  use  extensively  photoelectric  blocking.  The 
exeaplary/approxiaate  scheaatic  of  the  separate  asseably  of 
photo-blocking  is  shown  or  Fig.  to  14^7. 


Fig.  14.5 


Fig.  14i6 


Fig.  14.5.  Hire  fraae,  target,. 

»«ys  (i).  To  chronograph. 

Fig.  14.6.  Solenoid  blocking  cell/elevcnt. 

Cage  539. 

It  consists  of  tube  L,  low-inertia  photocell  H and  three-stage 
amplifier  with  thyratron. 

■ith  the  passage  of  the  nodel  of  the  tedy  tetveen  the  tube  and 
the  photocell,  it  intersects  light  ray,  catsing  an  instantaneous 
change  in  the  illuainaticn  cf  photocell,  ihe  appearing  in  this  case 
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elect  iical  signal,  in  passing  by  through  tic  amplifier,  triggers  the 
thyratron  of  electronic  relay  whose  output  pulse  enters  the 
electronic  chronograph  EKh,"  including  cr  disconnecting  the  computer 
cf  the  latter.  Photoelectric  blocking  provides  the  high  accuracy  of 
time  sarks. 

Inertia  blocking.  Cn  laboratory  ballistic  routes,  mainly  for 
artillery  practice  fron  soall  arms,  is  utili2€d  inertia  blocking. 

The  ccnstruction  cf  the  inertia  flecking  cell/elenent s can  be 
different.  One  of  the  const  ructions,  the  sc-called  "contact  cup",  it 
is  shewn  on  Fig.  to  14.6.  This  contact  inertia  cell/element, 
connected  to  the  entry  cf  chronograph,  is  festered  on  the  metallic  or 
plywogd  plate,  placed  at  the  erd  of  the  route.  From  the  impact/shock 
c.t  the  model  of  body  into  plate,  tie  latter  shudders  and  contact  bar 
to  instant  rebounds  frci  the  wall  cf  cup.  The  occurring  with  this 
phenomenon  explosion  of  electrical  circuit,  as  in  frame  blocking,  it 
is  the  signal  for  a chrcncciaph. 

The  advantage  of  tie  icertia  locking  apparatus  in  the  fact  that 
the  contact  in  them  is  restored  after  each  stet  automatically  (unlike 
frames-targets) . However,  tc  be  applied  fer  blccking  the  route  they 
can  only  as  last/latter  cell/elenent,  since  sharply  is  changed  the 
character  of  the  ncticn  cf  oodel  along  trajectory.  The  length  of  the 
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(J>ase  cf  trajectory  } fcr  velocity  aeasureicnt  c£  bodies  with  firing 
frc*  artillery  or  rifle  systeas  is  selected  c^  the  basis  of  the 
required  accuracy  of  the  determination  cf  vclccity  and  possibilities 
cf  chrcnograth. 
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Fig.  14.7.  Fig.  14.8. 

Fig.  14.7.  Photoelectric  blocking  cell/ele vent. 

Kef:  (1).  Aaplifier. 

Fig.  14.8.  inertia  blocking  cell/elcaent. 

Page  S40. 

Since  the  velocity  in  the  described  acthcd  is  defined  as 


that  the  greatest  relative  error  ic  its  deter  Bination  will  be 


Here  k\/\  - relative  fault  cf  aeasureaent  ci  base  \\  At/t  - relative 
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aeasuring  error  for  the  flight  tiae  of  tody  cn  chronograph. 


let  according  to  test  conditions  ke  required  to  obtain  this 

accuracy  of  deterainatic r.  v , in  order  tc  Av/v$C.2o/o.  This  ail  1 be, 

fee  example,  provided  in  such  a case,  u ten  lo/o  and  — <0,1*. 

t 

Since  for  the  electronic  chronograph  the  error  •const, 

we  obtain  whence 

t^lOOOT.  for  a special  case,  with  1*1*10“*  kith  t>0.01  s.  Baaed  o* 
this  ainiaua  interval  of  tixe  there  is  estailished  the  length  cf  the 
aeasuring  section  J,  egual  tc  )^vt~C.01v  tc  a,  where  v - expected 
rate  of  the  motion  of  body.  Knowledge  1 makes  it  possible  tc  find  the 
permissible  error  Al  in  tie  setting  up  cf  blocking  devices  from 
eelatienship/ratio  Al^C.OCOI  % a.  kith  the  observance  of  two  these 
conditions  Av/v^O. 2o/o. 


Boring  the  definition  cf  the  initial  velocity  of  the  projectile 
cf  rifled  artillery  systex,  the  lccking  apjeiatus  place  alcng 
trajectory  in  the  Banner  tfcat  it  is  shcwi*  cr  Pig.  to  14.9.  In  this 
case,  distance  1 is  selected  in  accordance  bitt  considerations 
presented  above,  and  reicva  1/dista rce  10  of  first  blocking  device 
frea  the  pcint  of  the  flight  of  projectile  - sc  that  on  BUI  would  not 
affect  the  escaping  froa  projectile  setting  up  gases.  Value  10 
depends  on  the  fora  cf  projectile  setting  op,  tit  usually  does  not 
exceed  20~30  a (duoing  freae  blocking).  The  average  aeasured  velocity 
cf  projectile  »„-p  caa  be  referred  te  the  half  of  the  distance 
heteeaa  fr earns- tar gets.  Per  velccity  transf creation  to  ausslo  end 


ft 
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f«cc#  i.«. • tor  deterairinc  the  initial  velccit)  v0,  they  use  the 
foraulav  ottained  is  the  analytical  aethod  c£  pseudo velocity  in 
ccaaeeticn  with  the  short  lea  trajtcteiiM 

G<e)-^*)-an.  (It!) 

Page  Shi. 


Accepting  for  a special  case  in  gucsticn  the  linear  dependence 
bet  teen  the  change  in  the  velocity  and  the  chaage  in  function  D(v), 
it  is  possible  to  ccaprise  the  pzc|crtici| 


share  AD(v)  - a change  in  fenctioa  Efv), 
ia  argoaent  v on  10  a/s. 


(*D 

that  corresponds  to  a change 


After  designating  v-v0=Av  and  ccaparing  (7  4.1)  and  (10.2),  *e 
will  obtain 


10 


IVmtCX. 


Opening  the  value  of  the  ballistic  coefficient  cf  c#  we  sill  obtain 
correction  for  velocity  transf creation  to  the  aezzle  end  face 


(14.8) 


there  x - a distance  between  the  aezzle  end  face  and  the  aiddle  of 
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the  blocked  phase  of  trajectory  (Fig.  1<t.  9)1  J i - an  experimental 
factor  of  the  fora  cf  projectile  (bullet).  Values  AD(v)  in  connection 
kith  tbe  Siacci  function  of  air  resistarce  can  be  taken  on  table  31# 
given  in  work  [ 59  ] . 

§2.  Oeteraining  aerodynamic  characteristics  according  to  the  results 
cf  ballistic  firings. 

Coe  Of  the  ooot  iaportent  aerodynamic  characteristics  - drag 
coetficieat  aw(M)  it  can  be  deterained  by  firing  on  ballistic  route. 

The  calculated  dependence,  which  aakes  it  possible  to  deteraine 
the  average  value  cf  drag  coefficient  cn  the  final  cut  of  trajectory, 
prcceeds  froa  the  law  of  a change  in  tbe  kiretic  energy  of  projectile 
and  requires  the  neasureoent  cf  the  velocity  of  projectile  in  two 
points  in  the  trajectory.  The  diagram  cf  installation  of  locking 
apparatus  alcng  ballistic  route  is  shewn  cn  Fig.  m 14.10.  if 
prcjedtile  setting  up  (for  example  - mortar),  dees  not  nake  it 
possible  to  have  horizontal  trajectory,  tber  locking  apparatus  along 
trajectory  are  establish/ installed  cr  diffenent  height/altitude  (Fig. 
14.11).  Let  in  the  general  case  be  knevn  tbe  paraaeters  of  trajectcry 
v,  x,  y at  two  different  points;  then  it  is  possible  to  write 

cos  (f?f)rf*.  (14.4) 

«h«r«  ■ - of  body;  X - drag. 
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fig.  14.9.  Arrangeaent/pcsitic n of  the  hlcchinc  cell/e leaents  along 
trajectory  for  aeasutinc  the  initial  velocity. 


Cage  542. 

taking  into  account  that  cos  aC%  —cos  «Ti)  —cos  180*—  — t,  no  obta 


in 


-2-  XdS+mf(yt-!h).  (14.5) 


s, 


Fccce  X £toi  under  integral  sign  they  sill  carry  by  average  value, 
then 


(«f— ®s)  (#•“  X*  ($,-■ Si) 


and  farther 


St  — Si 


114.6) 


Usually  firing  foe  deters inaticn  c*(M)  or  tallistxc  route  is 
organized  so  that  the  aeasared  trajectory  phase  would  render/shew 
hcrizcntal  for  the  possibility  cf  the  e tee p tic r/eliaination  of  the 
gravitatcnal  work  (see  Fig.  14.10).  In  this  case,  obviously,  let  us 

have 


li 


1 
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Taking  into  account  that  indicated 


Each  cbtained  the  data  c£  experiaeDt  value  aust  be  referred  to 
a certain  value  of  the  velocity  cf  article  ter  fchich  is  accepted  the 
average  speed  at  the  length  of  Beasureierjt  1,  equal  to 
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Fig.  14.10.  Setting  up  cf  the  blocking  traits  curing  determination 
c«(M)  by  firing. 


Page  543. 

Ecr  transition  fron  the  force  cf  drag  X* 
««(M)  is  utilized  the  dependence 


X =S  c 


-{?)• 


to  aerodynanic  coefficient 


(14.8) 


there  p and  a - a respectively  mass  air  density  and  the  speed  cf 
scund  in  air  at  the  moment  cf  exper imentaticn ; £ - area  of  the 
■idsectioa  of  body.  Frcm  the  ccmpariscn  of  expressions  (14.7)  and 
(14.8}  for 


Bence  unknown  value  cs(M)  is  egual 


*\  • I SI « W|*4-*» 


(14.9) 
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Final  calculated  dependence,  after  coiiination  of  all  constant 
values  and  scale  factors,  takes  tbe  fert 


Cm 


Q i-t 

M/7  «it«> 


(14. 107 


where  d - a dianeter  of  the  nidsecticn  cf  fcedy;  P - the  specific 
gravity/weight  of  air. 


During  calculation  the  entering  the  fcnula  values  nust  be  taken 
in  the  following  diiensicra  lity: 

Q l$,d  mm;  L m If  a^s*;  v ufe 

The  values  of  the  specific  gravity/weight  cl  air  P for  the  different 
values  of  the  baroaetric  pressure  b be  Hg  ard  the  teaperature  of  air 
t°C  east  be  deterained  frea  tbe  appropriate  tables. 

The  length  of  tase  L fer  Beast tenant  aast  be  selected  so 

that  is  justified  the  averaging  of  value  X and,  at  the  sane  tiae,  is 
provided  the  noticeable  incidence/drcp  in  the  velocity  of  body, 
necessary  for  obtaining  of  the  reguirec  accuracy  of  calculation  c,. 

Under  conditions  of  rar.ge/pol y gen , usually,  base  L is  taker, 
cgual  to  200-400  a;  under  laboratory  conditions  when  the  length  of 

ksllistic  root*  is  United,  it  is  allcw/assuaed  to  take  the  base  of 
the  egaal  to  several  of  tea  aeters,  dapasdieg  ca  the  velocity  v of 

tbe  aetioa  of  body  and  posaihil itias  of  ckrcnograpbs. 
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Jig.  14.  11.  Blocking  inclined  trajectory. 


Cage  544. 

Aerodynamic  functions  with  tiltinc  moment  amd  under 

li£t  **(*7)  also  can  te  determined  ty  results  of  firing.  For  this, 

daring  experiment  rust  te  measured  the  cel 1/elesents  of  the  rotary 

♦ 

■cticn  cf  projectile  6,  t,  v,  v,  r,  after  which  the  named  coefficients 
are  deternined  from  the  appropriate  calculation  formulas. 

Ire  known  two  methods  cf  determining  ergular  missile  attitude  in 
the  process  of  its  metier  alcng  trajectory  - method  of  photography  in 
tve  mutually  perpendicular  planes  end  method  of  firing  at  cardtoards. 
In  the  first  case  the  argles  of  the  slope  ct  the  longitudinal  axis  of 
projectile  to  the  direction  of  the  setien  cl  the  center  of  mass  are 
determined  from  photographs,  in  the  seccqd  - these  values  they  can  be 
obtained  by  the  measurement  cf  holes  in  the  specially  processed 
fine/tfain  cardboard.  During  the  coincidence  cf  the  longitudinal  axis 
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cf  projectile  with  velocity  vector,  the  hole  it  cardboard  has  a fora 
of  circuaf erence.  If  nutaticn  angle  6fCr  then  hcle  has  oval  fora 
(Fig.  14.12).  Angle,  cctprised  by  the  lcngitudiral  axis  of  oval  with 
vertical  line  - precession  angle  ».  Hacwiic  the  size/di aensions  of 
projectile,  according  tc  the  size/diMtsic \t  cf  the  axes  of  oval  a 
and  a4,  it  is  possible  tc  deteraine  rutatici  ercle  6. 


Hith  the  sufficiently  large  ruxber  of  cress  sections,  which  fix 
aissile  attitude  on  each  of  the  periods  of  c change  in  the  natation 
angle  6,  it  is  possible  tc  cbtain  experimental  curve/graphs 
Ectween  the  cross  sections,  which  fix  aissile  attitude,  are 
establish/installe d the  leching  apparatus,  vhich  make  it  possible  to 
aeasure  the  transit  tine  of  the  prcjectile  through  the  appropriate 
cross  sections.  In  suaaaticr.,  it  is  possible  tc  obtain  the 
experimental  dependences 

ar\d 


fig.  14.12.  Fora  of  hole  ir  fastetcard  target. 
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and*  after  substituting  (14.11),  vc  will  cttain 

*-(-*)■ 

the  aperture  of  value  a and  8 and  after  replacing  r0  on  (8.84)  , we 
oaf  write 

flt  IMU/  . , w \ C%*w*  4k* 


■ith  firing  at  saall  argles  cf  increase  H(j)=1.  Then  the  average 
value  cf  coefficient  when  v also  is  taken  by  the  average 

value  and  the  angular  velocity  of  spin  r-r0=ccrst,  we  will  obtain 
egual  to 


/ CNj 

rf/ 

(14. 12) 


Value  h is  difficultly  defined  kett  theoretical  and 
experimentally  and,  strictly  speaking,  it  it  is  alternating/variable 
during  the  fluctuations  of  projectile  in  tie  process  of  aoticn. 

Curing  the  use  of  known  espirical  formulas  for  deteraining  of  h,  for 
example,  the  formula,  given  in  explanation  tc  (2.111),  it  is  accepted 
b»ccnst.  The  tables  or  the  curve/graphs,  comprised  in  this  case  for 


r-(f> 


■ust  contain  irdicaticn  cf  the  aetfccd  cf  determination  h 
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Are  known  also  the  aethods  of  dcteraireticr  according  to  the 
results  of  firings  cn  tie  ballistic  ictte  cf  the  aerodynamic 
coefficient  of  lift  and  of  the  coefficient  cf  tie  damping  aoaent. 
Ketfcods  these  are  ccaplex  aid  the  accuracy  cf  the  obtained  results  is 
inferior  to  the  accuracy  cf  the  results  of  experiaent  in  wind 
tunnels.  For  f aailiarizat icn  with  the  aethcas  dedicated  let  us  senc^ 
away  the  reader  to  books  [9],  [59]  and  the  theiatic  works  on 
ballistic  testings. 
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§3.  Theoretical  bases  of  the  aethods  cf  deterairing  the  position  of 

rocket. 


Vhe  position  cf  body  in  space  at  the  cry  icaent  of  tine  is 
detcrained  by  six  geneializcd  cccrdirates.  Three  Linear  values 
detcraine  the  position  cf  the  center  cf  aass  of  rocket,  while  three 
angular  - its  orientation  ir.  space.  These  scgles  frequently  call 

fuler  angles. 

let  us  exanine  the  possible  aethods  of  deteraining  the  position 
ct  rocket  and  calculated  dependences  for  calculating  the  coordinates. 


1 
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The  epeedinates  of  rocket  ir  space  can  he  defired  as  coordinates  of 
the  point  of  intersection  of  different  surfaces.  The  surface,  which 
determines  the  possible  aircraft  attitude  at  the  given  instant, 
frequently  calls  the  surface  of  position  cr  position  surface.  Three 
6ecaetric  surfaces  during  intersection  have  cne  or  several  common 
points.  Thus,  with  the  aid  cf  three  surfaces  cf  position  it  is 
possible  tc  fix  the  location  of  rocket  at  ary  point  of  space.  The 
type  of  position  surfaces  depends  on  the  utilized  ground-based 
■etering  equipment. 


If  we  simultaneously  fellow  the  rocket  frci  three  ground-based 
pcint/items  and  to  calculate  its  rescval/dista^ces  (slant  ranges) 
frea  each  of  the  stations,  then  position  surfaces  will  be  spheres 
with  centers  in  the  point/items  of  the  trading,  described  by  the 
radiig  equal  to  slant  ranees. 


The  method  position  finding  cf  flight  vehicle  in  space  as  of 
point  of  intersection  of  three  spheres  is  called  ranging. 

le  will  obtain  formulas  fer  cccrdinate  determination  of  the 
rocket  in  of  the  terrestrial  system  Cxyz  from  the  measured  from  three 
point/items  of  tracking  slant  ranges,  let  the  tracking  stations  be 
arrange/located  in  points  Ct(Xi,  yt,  z4),  4%.  Qjx*,  y*,  **)  and  <^(x3, 

yj,  za)  (Fig.  14.13).  let  us  designate  the  distances  between  tracking 

statipea  and  the  begins ing  cf  tbe  system  of  coordinates  Ji  * 1g*  1m- 

lith  sampect  slaat  raages  tc  pcist  is  tha  trajectory  ■(**  I*  *) 
through  pt,  pc,  p3,  dieteace  Oil  - thremgh 
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Fig.  14.13.  Banging  aetbod  cf  fositicn  tincicg  c £ rocket 


Ra):  (1).  Trajectory. 

[age  547. 

Frca  analytical  gecaetry  it  is  kncun  that 


ani 

A-KT+lBl  *f '*  '•  ( 14. 14) 

Analogously  are  deterained  values  f2,  p3  arc  i3f  13. 

Ihe  Length  of  cut  CH  can  fce  cefiesentcc  io  the  fora 


(14.15) 
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Let  us  discover  equation  (14.13),  after  substituting  in  it 
equations  (14.14)  and  (14.15) 


m+w— 2(<***+fcf +*t*). 


( 14. 18) 


Dependences  for  determining  the  values  p2  atd  pj  take  the  sane  fern, 
only  of  the  entering  in  thea  values  index  1 is  replaced  by  index  2 or 
3 respectively.  After  ccaprising  expressions  for  differences  p2t-p22, 
Pa«~Pa3  and  pz2-p2 3 and  after  re-grouping  terns,  we  will  obtain 


where 


(Xi-x,)x+  (|fc-jra)»+(*t-*i)*“*i; 
(jfj-jgje+tDi-jfc)  f +(*»-*»)  *— 
(jr,-jgx-M*~  «r.)  *+(*-*)*-*«* 


(14.  17) 


*»**"jr  (.4— rf+/?— 4h 

Systen  of  equations  (14.17)  ferther  is  converted  as  follows: 


i 


(M.  18) 


where 


^ . <•»**  — **)  ’ 


I 1 
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fee  determining  the  coordinate  y,  it  is  possible  to  utilize  the 
dependence,  obtained  frea  equation  (14.13)  efter  the  substitution  of 
values  x and  z froi  expressions  (14.18) 


(a*  -f  ft* + 1 ) tf + 2 (jc,o  - yx  + zxb  - aex  - ft*t)  y - 

-(«?-i?-ei-4  + 2jc,«,  + 2z1et)=0.  (14. 19) 


Usually  they  attempt  to  arrance/lccate  all  tracking  stations  on 
the  sate  level,  i.  e.,  in  plane  *Cz.  In  this  ca  e y j = y2=y3*a=b= 0 and 
the  coordinates  of  rocket  are  determined  fcci  tie  formula 


Jt— 

y—V  #?— 


(14.20) 


Euring  external  measurements  frecmeqtlp  is  utilized  the 
so-called  total  ranging  method  vher  the  position  of  rocket  in  space 
is  defined  as  point  of  intersection  three  ellipsoids  of  revolution. 
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rig-  m.  14.  Total  ranging  lethcd  of  fcsitict  finding  of  rocket. 


Key:  (1).  Trajectory. 

Fage  549. 

After  substituting  intc  the  left  side  cf  equation  (14.16)  value 
ft  frpi  equations  (14.2  1)  , be  will  cktain 

V+W+VM *—/»•  (14.22) 


where 


(/*— «ii). 


Utilizing  two  second  equations  (14.21) , analogously  we  can  write 


where 


V+)i!(  + V-M»*/.  j 
•V+IW + ***-#<#»«/„  I 


(14.23) 


/•—- 5-  /«*y  (/*-«•). 
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In  three  equations  (14.22)  and  (14.23)  - fctr  unknown  values  x,  y,  z 
and  ps.  For  their  deter miration  these  equations  Bust  be  solved 
together  with  equation  (14.15). 


Are  given  below  expressions  for  calculating  the  coordinates  of 
pcint  a in  the  case  wher  leading  and  slave  stations  are 
arrange/ located  in  plane  xCz 


Xa=i~X  *i(/A» — /W«)— 

#«  (/a — /•*«)}; 
y—V  Oo-jc*— z*; 

z ~ "7  I**i  (/rfo» — /*0c»)  — /i  (-trfw  — — 

— Ooi  (•**/ i — xtf *)1 ». 


(14.24) 


where 


A » x,  ( z#m  - **m) **m) -«« («A  ~ V*  )• 

f 

Method,  instituted  cn  the  definition  of  the  position  of  rocket 
as  points  of  intersection  ci  three  hyperboloids  of  rotation,  is 
called  differential  ranging,  on  plane  the  location  of  rocket  with  the 
aid  of  this  method  is  defined  as  point  of  intersection  of  two 
hyperbolas  (Fig.  14.15),  property  of  which  is  the  fact  that  a 


J 


! 
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difference  in  the  distances  from  fcci  tc  t fc e feint,  which  lies  cn 
hyperbola,  there  is  a cccstact  value. 

Eage  550. 

Eeter mination  of  ccordicates  in  differential  ranging  nethod  is 
conducted  cn  fornulas  (1h.lt)  by  replacement  ft  on  A*,  where 

ac,=c.-8i:  Ae,=e,-e,;  aq,=o«-9> 

The  position  cf  rocket  can  be  also  una  itigucusly  defined  as 
intersection  of  two  ellipsoids  and  sphere,  two  hyperboloids  and 
sphere,  two  spheres  and  ellipsoid,  etc. 

Frequently  the  locaticr.  cf  rocket  is  defined  as  point  of 
intersection  of  sphere,  ccne  and  plane  (Fic.  14.16).  In  this  case  the 
pcsiticn  of  rocket  will  be  determined  by  the  spherical  coordinates: 
slant  range  p,  by  the  bearieg  angles  A and  cf  place  f. 

Transfer/transition  free  then  tc  the  coordinates  of  rectangular 
system  is  realized  on  the  dependences 

ta|coiicoii;  tain*;  r-tcotislni.  (14.36) 

Gesides  spherical  cccrcinates,  fer  determining  the 
three-dimensional/space  aircraft  attitude  scaetiaes  there  is  applied 
cylindrical  system.  In  this  system  they  are  measured  the  bearing 

t, 

i 

i 
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angle  cf  object  A , the  projection  c t cut  Ot  cn  plane  xOz -£  and 
rescuing  of  point  H froi  this  plane  - h (Fie.  14.17). 

Impendences  for  transf er/transiticn  fcci  cylindrical  coordinates 
tc  rectangular  take  the  fcri 


JCx/coaA;  gm.It,  lain  A. 


(14.181 


Hide  acceptance  will  ettain  the  d irect ic r-f inding  aethod  cf 
cccrdinate  deterainaticn  cf  object.  It  lies  in  the  fact  that  free  two 
tracking  stations  0t  and  02  with  the  aid  cf  special  eguipaent  are 
seasused  angular  coordinates  cf  body  A<  anc  bat  according  to  the 

bearing  angles  and  place  cf  object  and  the  J>rctc  base  distance 
between  E stations  are  determined  the  coordinates  of  point  H (Fig. 
14.18)  . 
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Fig.  1U. IS.  Fig.  14.16. 

Fig.  14.15.  Differential  ranging  netted  of  icsition  finding  of 
rccket. 

KeJ:  (1).  Trajectory. 

Fig.  14.16.  Position  finding  of  rocket  in  spherical  coordinates. 

Fage  551. 

Frequently  for  convenience  in  the  calculators  instead  of  the 
aziauths,  are  deterainec  angles  o«,  calculated  eff  direction  in  one 
cf  the  tracking  stations,  tc  the  laurching  joint  of  the  rocket  or  to 
ar|  ancthei  characteristic  1 turn/shar p eg  tie  earth's  surface. 
lransfer/t ransition  froa  these  angles  tc  azisuths  (and  vice  versa) 
does  net  represent  difficulties  and  is  fulfilled  on  sinple  analytical 
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dependence,  for  exaipla,  in  connection  kith  Fig.  14.18 

where  A<  - angle,  calculated  froa  lecal  aeridian  tc  direction  in 
target/purpose;  A**  - angle  between  tie  lccal  weridian  and  direction 
free  pcint/itea  0t  in  pcint/itea  02. 

He  will  obtain  foraulas  fer  cccrdinate  deteraination  of  rocket 
it  connection  with  the  cirecticr-f inding  aethoc  of  external 
aeasurenents.  Let  the  pcint/itens  cf  tracking  te  arrange/located  on 
plane  xOz  in  the  points  0j  and  02,  the  distance  between  which  is 
equal  to  B (Fig.  14.19)  *. 

FCCTNOTE  *.  The  topographic  excess  cf  the  aeasuiing  posts  above  plane 
XC2  intc  our  conclusions  it  is  net  considered.  E NDFOGT NOTE. 

As  lain  direction  for  the  reading  cf  hcrizcrtal  angles,  let  us  select 
the  line,  deterained  by  the  axis  0|X  cf  ea r t h-h ased  coordinate  systea 
which  passes  through  pcints  Ct  and  C2. 

•or  siaplicity  we  consider  that  axis  C>  coincides  with  direction 
sever  - Tug;  in  this  case,  the  measured  angles  will  be  aziauths. 


Let  as  designate  distance  through  lt  and  jfcAf,.  through  J2. 

»*«■  HMMb  »•  k«»e 


•V' 


—rr**"  V 
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Fig.  14.17.  Fic.  14.18. 

Fig.  14.17.  Position  finding  of  rocket  in  cylindrical  coordinate 
spates. 

Fig.  14.18.  Angular  coordinates,  used  in  direction-finding  nethed  for 
position  finding  of  rocket. 

Key:  (1).  North.  (2).  South. 

Page  5 52. 


Taking  into  account  this  fer  the  coordinates  cf  point  n in  systea 
Cjiyz,  we  will  obtain 


' «.(*,- A,) 

,lMAi  »-»■  hr,_ 

■»<A,-A,)  * • ..(A,-*,) 

-=r5t_rtnA,.lnA1. 


(14.27) 
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Values  x,  y,  z can  be  civet  tc  another  text,  if  one  considers 


that 


(14.21) 

(M.29) 


Ifter  substituting  (14.26)  and  (14.29)  intc  fcriula  fl4.  27),  ve  will 


obtain 


Btf  »aco»  k\  , 
*.,«•  A, A, 


Btf  •>«)■  A. 


t(«3CM  A,  — tfiiCOB  At  tgt,cot  A|  — tf  •|C(«  As 


together  with  the  direction-f iodine  netted  of  deternining  the 
(ositicn  of  rocket,  is  allied  also  tbe  ccitircd 

rangiog-directicn- f indi tg  nethod,  in  vhich  they  are  neasured  slant 
range  and  angular  coordinates  - ancles  cf  aziiuth  and  place  of 
target/purpose. 
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fig.  14.19.  Schematic  tc  the  derivation  of  rela tionshi p/ratios  for  a 
direction- finding  method. 

Kef:  (1).  Trajectory,  (i).  fouth.  (3).  Norti. 

fage  *53. 

Thus,  all  the  existing  methods  cf  the  external  measurements  are 
reduced  in  essence  to  tie  measurement  cf  slent  range  and  the  angular 
coordinates*  which  determine  direction  in  rocket.  At  tracking 
stations*  these  measurements  can  ke  conducted  with  the  aid  of  optical 
and  radio  eguipment. 

§4.  Optical  measurements. 


Alien  conducting  of  external  measurements*  very  widely  is 
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utilised  optical  equipment  (cinethe cdol ites  arc  cinete lescopes , 
ballistic  cameras,  apparatuses  fer  bigb-sp ced/ielocity  photography, 
etc.),  which  for  this  purpose  was  adopted  considerably  earlier  than 
radio  engineering. 

The  basic  advantages  cf  optical  measurements  in  comparison  with 
radio  engineering  are  tleir  claiitj,  since  optical  equipment  makes  it 
possible  directly  visually  to  control  tfce  process  of  moviqg  the 
flight  vehicle  and  tc  photograph  it  fee  the  subsequent  analysis  (for 
example,  with  missile  takeclf,  stage  separation,  the  interception  of 
target/purpose,  etc.) , anc  the  high  accuracy  of  the  determination  of 
angular  coordinates  of  object. 

therefore  optical  equipment  part  is  utilized  for  calibrating  the 
radio  engineering  measuring  systems.  Thus,  t cr  instance, 
interfercmetric  system  "H  initre kM  is  calibrated  by  optical 
instruments  with  an  accuracy  tc  2"  [16].  At  the  same  time  the  werk  cf 
optical  equipment  lends  itself  worse  tc  autciaticn  and  it  depends 
substantially  on  the  state  cf  the  atmosphere  at  the  moment  of  the 
measurements  which,  as  a rule,  are  conducted  by  comparatively  small 
distances  to  flight  vehicle.  In  view  cf  this  optical  measurements  do 
net  eliminate  radio  engineering;  they  successfully  supplement  each 
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For  conducting  the  external  measurements  cn  the  individual 
sections  of  the  missile  trajectories  cf  lcrc-rarge,  for  the 
phctographing  of  short  trajectories,  for  sccrinc  of  air-to-air 
lissiles  and  the  "earth/grcund  - air”  is  applied  the  cinet heodclite 
method  which  makes  it  possille  tc  find  rot  cnly 

tbree-diie nsional/space  coordinates  cf  flight  vehicle,  nut  also  its 
velocity,  but  in  certain  cases  also  acceleration  and  a series  of 
ether  parameters  of  moticr.  It  reali2es  the  direction- find ing  method 
cf  measurements  and  lies  in  the  fact  that  frem  twe  (or  three) 
cinetleodolite  posts  they  sixultaneccsly  ccrduct  tracking  the  motion 
cf  cne  object,  they  phctcgiaph  it  and  determine  its  angular 
coordinates  (azimuth  anc  ancle  cf  elevatict)  ir  the  function  of  time. 
As  a rule,  in  cinetheodclite  station  enter  three  posts  of  tracking. 
Cne  Of  them  fulfills  auxiliary  function  anc  car  he  used  for  the 
ccntrcl  cf  coordinate  deter linatict  cf  cbject. 

Page  554. 

Furthermore,  simultanects  tracking  frem  three  cinetheodolite  stations 
makes  it  possible  tc  exclude  randex  xeasuxirg  errors  with  the  cut  of 
object  at  acute  angles,  ard  also  during  phetegraphy  against  the  sur. 

Basic  part  of  any  cinetheodolite  - the  sain  thing  1 and  sighting 
2 telescopes  (Fig.  14.2C)whcse  optical  axes  arc  parallel,  sighting 
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telescopes  (sights)  play  auxiliary  tele  arc  setae  foe  the 
facilitaticn  of  the  process  cf  the  guidance  cf  the  optical  axis  of 
■ain  (aeasuring)  telescope  fot  the  objective  oi  photography. 


Usually  cinetheodolite  for  the  increase  of 
tracking  is  serviced  by  tve  operators  cce  cl  ah 
telesccpe  at  flight  vehicle  along  aziaath,  «nd 
elevation.  The  position  cf  the  object  cf  tfe  re 
cf  lain  telescope  with  the  aid  of  icvie  caieta 
defeated  tc  sotion  piettre  fila.  lie  gates  cf  t 
all  cinetheodolites  of  cne  station  arc  synclrcc 
theaselves  with  the  aid  cf  special  electrical  c 
degree  accuracy,  and  entire/all  phetegraphy  it 
automatically.  Thus,  the  preblea  of  eperaters  i 
visual  tracking  the  object  and  the  retertici  of 
axis  cf  main  telescope  (in  the  center  cf  cress 

The  photographed  action  picture  fila  irclu 
inferaation  about  the  acticr  of  flight  vehicle, 
in  the  process  of  tracking. 


the  accuracy  of  the 
ich  aims  aa in 
another  - on  angle  of 
latively  optical  axis 
3 continuously  is 
he  caaera/c haabers  of 
ized  between 
ircuit  with  high 
is  conducted 
s reduced  only  tc 
object  on  the  optical 
lines) . 

ces  entire  basic 
written  autoaatically 


Fig.  .14.20.  Cinethecdol ite. 

Face  555. 

Cn  each  exposure  are  recorded  the  cccditicrel  index  of  the 
cinetheodolite,  free  which  is  conducted  the  observation,  the  nuatber 
cf  fraae  for  joining  it  to  tiae,  the  reiercrce  crid  (or  cross  lines), 
which  deteraines  the  pcsiticn  cf  the  optical  axis  of  aain  telescope, 
the  iaage  of  object  and  the  gonioaetr ical  scales  with  the  fixed 
values  of  aziauth  and  argle  cf  elevation,  which  determine  the 
direction  of  the  optical  axis  of  *ein  telescope. 

figures  14.21  gives  exposure,  photographed  in  the  process  of 


I 
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cinetheodolite  measurements.  In  leit  lover  angle  is  photographed  the 
gonicietrical  scale  foe  the  reading  cf  aziaith,  halfway  - the  scale 
for  the  reading  of  angles  ol  elevation,  while  jc  right  lower  tc  angle 
arc  given  the  number  of  exposure  ard  the  index  cf  theodolite.  Ihe 
reading  of  angles  is  conducted  on  the  indicators  which  are 
establish/installed  against  the  appropriate  divisions  of  the 
gc f icnetrical  scales.  As  a rule,  exposure  counter  initially  to  zero 
it  is  net  establish/installed;  therefore  fer  the  designation  of  the 
beginning  cf  the  synchronous  working  cf  all  three  cinetheodolites,  is 
applied  the  special  mark  cf  person rel/f races . 


At  the  moment  cf  the  Mgr i p/ca ptcre"  cf  object  by  the  main 
telesccpe  cf  cinetheodolite,  and  also  in  the  process  of  tracking  the 
fast  meving  target/purp cses  due  to  the  possitle  errors  for  operators 
the  image  cf  object  and  the  center  cf  cross  lines  of  reference  grid, 
as  a rule,  do  not  coincide.  This  speaks  about  the  fact  that  the 
abject  of  photography  is  displaced  relative  to  the  optical  axis  of 
tclesdcpe  and  for  the  precision  de te r s ica t icn  cf  its  angular 
cccrdinates  with  the  interpretation  cf  fill  should  introduce 
ccxceations  into  the  bearing  angles  and  place. 
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Fig.  14.21.  Exposure,  photographed  kith  the  aid  cf  cinet heodol ite. 

Fage  556. 

the  signs  cf  corrections  depend  on  the  locaticr  of  object  of 
relatively  reference  grid.  Thus,  fcr  irstarce,  if  object  is  located 
in  the  first  fourth,  angular  correctness  have  plus  sign,  if  in  the 
third*  then  corrections  nest  he  decocted  free  readings  of  the 
gcsicietrical  scales,  etc. 

For  decreasing  the  following  errors*  the  guidance  of 
cifethecdolites  to  noving  object  can  he  realized  and  it  is 
automatically  * with  the  aid  of  radar  stations  with  those  errors 
which  characterize  radar  methods  of  external  trajectory  measurements. 
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The  higher  accuracy  of  tracking  pr 
the  rotation  of  sain  telescope  wit 
cuiter  of  cases  there  is  alsc  appl 
cinethecdolites  to  target/purpcse. 
method  of  measurements  depends  sut 
tie  work  of  all  theodolites  and  fr 
For  the  possibility  of  the  introdu 
sy qchrcnat icn,  is  conducted  record 
cciplete  opening  of  the  gates  cf  c 
kigh-precisicij  chronographs. 

Very  latorious  process/cperat 
phctcgxaphed  notion  picture  filns, 
cf  readings  from  the  gonicnetrical 
place#  and  also  in  the  deteinirati 
rcgccincidence  of  the  inage  of  ofcj 
cinetheodolite.  Decoding  is  fregue 
cf  the  instrument,  called  ccnparat 
twc  aeasuring  grids.  The  leasuting 
carriage  which  can  be  moved  in  two 
The  position  of  measuring  grids  re 
determined  with  the  aid  of  the  spe 


cvidc  the  operators,  which  correct 
h the  aic  of  land  drives.  In  a 
icd  the  preset  guidance  of 
Ike  accuracy  of  the  cinethecdolite 
stantially  ct  tne  synchronise  cf 
equercy  stability  of  photography, 
cticn  of  corrections  for  lack  of 
ing  the  tcrgue/nomen ts  of  the 
inet i eod cl ites  with  the  aid  of 

icn  is  the  decoding  of  the 
wlict  ccrsists  of  renoval/taking 
scales  fcr  tie  bearing  angles  and 
cr  cf  correcticns  for  the 
ect  with  the  optical  axis  of 
rtly  fulfilled  by  hand  with  the  aid 
cr.  It  ccrsists  of  microscope  and 
grids  are  icstalled  to  the 
mutually  perpendicular  directions, 
lative  tc  the  exposure  is 
cial  scales  which  can  be  graduated 
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Those  considered  the  gcnicmetrical  dial/liibs  of  each  franc  of 
the  value  of  azisuths  and  of  the  acgles  ci  elevation  e«,  and 

also  cf  correction  (taking  intc  accccnt  sigi)  into  these  angles 
AA*<  and  dex<  for  the  ncnccincidcnce  cf  tie  iiage  of  object  the 
optical  axis  of  eain  telescope  (with  tie  center  cf  cross  lines) 
usually  will  be  brought  in  irtc  the  special  service  record  (table 
14.2)#  in  which  are  calculated  alsc  the  values  cf  true  azimuths 
A,— Ajh+AAjh  and  of  angles  cf  elevation  e<— e«<+Aea<. 


ab  For  accelerating  the  process  of  the  decoding  of  notion  picture 
files,  are  applied  also  the  cethcds  cf  the  seniautonatic  and 
autcnatic  reading  of  readings  of  the  gcnicietr ical  scales  (in  the 
presence  of  special  eguipiert),  in  this  case,  the  angular  coordinates 
are  automatically  recorded  cn  punched  cards  cr  cn  magnetic  tape. 


In  terms  of  the  values  of  angles  A t(t)  and  tt(t),  smoothed  with 

the  aid  of  the  method  of  least  sguares  [10],  and  with  known  base  B 
can  be  designed  on  foraulas  (14.27)  cr  (14.20)  the  values  of 
coordinates  x(t),  y (t)  , and  z(t).  Fiiilar  calculation  is  conveniently 
fulfilled  cn  form,  presented  telow  (table  14.3). 


the  comprising  velocities  of  the  metier  of  rocket  along  the  axes 
cf  coordinates  Ox,  Cy,  Cz  are  lccated  t > the  nvierical 


differentiation 


full  speed  is  calculated  from  the  depecdence 


r * w m mmm 


DCC  = 78107119  EACI 

Eage  557. 

Table  14.2.  The  angular  coordinates,  chtair.td  aith  the  aid  of 
cinetheodolites  No.  1 ard  Nc.  2 *. 

fCCTNCTE  *.  In  an  example  of  calculation  (table  14.2  and  14.3)  is 
used  conditional  assay.  EBDEGCTN01E. 

(I)  riyat  Ni 


DMO  TCO- 

JtOJHTa 

\SrtHi 

421 

422 

423 

424 

— 

750 

1 

2 

Aj,i 

42°17' 

AAjii 

+2' 

Al 

42*19' 

‘.1 

27*49' 

1 

A«,l 

-*  i 

1 

•1 

27*46' 

109*4' 

—1' 

A, 

109*3' 

«« 

36*26' 

*»4 

-2' 

•» 

30*94' 

Key:  (1).  Launching/starting.  (2).  cinsthecdcli te.  (3).  frase.  (4) 

gJ 
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Analogously  can  be  feund  the  acceleration  cf  object  as 
derivative  of  velocity.  Kcvever,  repeated  differentiation  does  not 
provide  the  necessary  accczecy  cf  calculations  and  therefore,  as  a 
rule,  it  is  not  applied.  Ecr  deterioration  cf  acceleration,  acre 
frequently  are  utilized  the  direct  lethcds  cf  aeasureaents  with  the 
aid  of  special  sensors.  Ike  obtained  values  of  the  full  speed  v and 
its  coaprising  vx,  or  vt  take  it  possible  tc  determine  the  angular 
position  of  the  velocitj  vector  of  rccket  cl  relatively  earth-based 
coordinate  system.  Angles  0 and  Y are  fourd  by  the  foraulas 

sin 

obtained  fron  (2.4). 

In  principle  it  is  possible  tc  find  alsc  such  parameters  of 
action  as  g-forces,  angles  cf  attack  and  slip,  but  the  accuracy  of 
their  deteraination  will  be  low. 

Cinetheodolite  measuresents  are  applied  fer  deteraining  the 
paraneters  of  the  icticc  cf  objects  at  short  distances.  The 
possibilities  of  optical  aeasureaents  can  be  eipanded  during  the  use 
cf  the  telephotocine  catenas. 


r-- 
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table  14.3.  Calculation  cf  the  coordinates  cf  object. 


: 

B— 6000  m 

('» 

\A» 

CT|KHW 

t e 

0 

i 

A2 — Aj 

66*44’ 

2 

sin  (Aj — Aj) 

0.9186 

3 

B:[2] 

6533 

4 

sin  Aj 

0.6732 

5 

cos  A] 

0.7394 

6 

sin  A2 

0.9452 

7 

«g*i 

0,5265 

8 

tg*2 

0,7373 

9 

[3]. [6] 

6175 

10 

jr  = {9J.[5j  h 

4564 

11 

*=[9H4]« 

4157 

12 

»i  = [9]-[7)  w 

3251 

13 

,S-13](4][81  h 

3243 

14 

v - y bi+n]  w 

3247 

Here  numerals  in  the  brackets  conditionally  designated  the  values, 
vhich  stand  in  the  appropriate  table  rows. 


Key:  (1).  Launching/starting.  (2).  line. 
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Such  telescopes  are  establ ish/instal le <3  on  special  base/roots  and 
have  acre  powerful  optics.  They  are  applied  for  recording  the 
processes  of  the  stage  separation,  interception  and  other  phenomena 
which  occur  at  considerable  reaovai/distancc  iron  observation 


: - ^ --'If'S-  - . 
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s tatipn.  Figures  14.22  gives  the  general  view  c f the  American 
cigetelescope  ROTI,  which  Bakes  it  possible  tc  aeasure  the  angles 
with  accuracy  (20-30) 


Optical  aeasurements  widely  ace  utilised  fcr  tracking  the 
artificial  Earth  satellites,  the  space  stations  and  the  ships.  Fcr 
this,  is  conducted  the  phctcgraphing  cf  object  against  the  background 
of  the  stars  whose  position  on  celestial  sphere  is  known  with  high 
degree  of  accuracy.  For  the  phctogxaphing  cl  such  strongly  distant 
objects,  can  be  applied  the  cinetelesccpes  and  the  ballistic 
caaera/chanbers  which,  uclihe  the  first,  are  fired,  but  they  have  the 
large  field  cf  view. 


Hith  the  aid  of  the  oriented  cn  stars  ballistic  caaer a/chaa bers 
it  is  possible  to  deteraire  angles  with  acc  uac  j 3"  -5". 


Further  develcpaent  of  optical  aeasure nents  occurs  over  the  path 


cf  an  increase  in  the  distarce  of  pbctography,  accuracy  of 
determination  of  angular  cccrdinates  aid  aatcaation  of  readout. 
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fig.  14.22.  Cinetelesccpe. 

Eage  560. 

Becebtly  together  kith  optical  eguipnert  ircreasinyly  acre 
widely  begins  to  be  utilized  infrared  •technology.  The  instruments  of 
iqfrared  vision  are  applied  when  is  hinder/tanpered  the  use  cf 
cptical  or  electronic  ecuipient  - fee  exaiple,  for  the  study  of  the 
initial  nonent  of  fissile  takeoff  when  the  csual  photographing  of 
rocket  is  inpossible  due  tc  a large  guantitj  of  dust  and  snoke;  they 
successfully  are  utilized  for  coordinate  deternination  of  object. 


entering  the  dense  layers  cf  the  atnesphere,  and  in  a series  of  other 


ECC  * 78107119 


F AG  £ 

W 


cases. 

She  methods  of  trajectcry  meat uremeijts  kith  the  aid  of 
radio-tech rical  resources,  the  metbcds  cf  parameter  deter ainat ion  of 
the  trajectories  of  ballistic  missiles  froi  tte  data  of  radar 
measurements,  the  methcds  cl  measuring  the  erect  on  the  flying 
target/purpose  and  the  deter minatic ns  cf  the  errors  for  external 
measurements  are  presented  in  terks  [25]  and  [61].  The  generalization 
of  the  named  questions  is  partially  carried  cut  in  work  [18], 
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